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Preface

We live in a material world, where climate promises have not yet been delivered.

The way we explore raw materials and manage their waste is fundamental to the
most diverse aspects of our environmental and economic future. Therefore, if we are
to embrace sustainability—minimize environmental impacts and be economically
competitive—paradigm changes around waste disposal must be ubiquitous and
emerging. That is, actions, as usual, cannot continue. We should begin forthwith.

In fact, in the past, the creation of waste in connection with production and
consumption was accepted as a necessary evil. Today, going beyond the perception
of waste as a problem to waste as a resource is the main global challenge. For this
purpose, it is imperative that we apply the predicted aphorism—*“in nature nothing is
created, nothing is lost, everything is transformed,” and that we transform the residue
of our ignorance into economically viable and environmentally sustainable
alternatives.

However, this premise has so far been woefully underexplored. As such, new
measures should project a much broader network than traditional approaches to
waste prevention, reuse, and recycling. Notwithstanding, they should also represent
a shift in how we think about sustainability, from a resilient and competitive
perspective.

In this road ahead, industry models under biorefinery approaches have been
proposed as promising technological avenues and are now becoming proactive in
adopting strategies to harness residual biomass. It is through integrative and
processing intensifier routes that waste biorefineries generate various products
such as food, bioenergy, biochemicals, and biomaterials. However, with significant
investment being made in such a transformation, it is indisputable that this transition
must be knowledge-based.

Therefore, the handbook you have before you is timely once focuses on gathering
and transferring detailed technical-scientific information on key fundamentals, feed-
stocks, conventional and advanced processing technologies, as well as policy dis-
cussions and issues associated with intellectual property and waste biorefinery. In
addition, the visions, lessons, and practical experiences of sustainable waste
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management, through social, environmental, and economic indicators, were also
included in order to provide a way of saving our resources, reducing the chances of
future failures, speeding up the consolidation process and, therefore, the develop-
ment of sustainable circular economies in the world.

Santa Maria, Brazil Eduardo Jacob-Lopes
Leila Queiroz Zepka
Mariany Costa Depra
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Part I
Fundamentals



Chapter 1 ®)
Principles, Concepts, and Recent Trends s
Applied to the Waste Biorefineries

Luciano Jacob Corréa, Gilson Campani, and Vitor Badiale Furlong

Abstract The concern with global warming currently occupies a prominent place in
the international context. As a result, it is necessary to change the global energy
matrix to a cleaner, renewable, and sustainable one. The concept of sustainability has
been in focus in recent years and is closely linked to the replacement of exhaustible
sources by renewable energy sources. In this context, biorefineries play an important
role, as they allow the conversion of biomass into bioenergy and bioproducts of
commercial interest, in order to find a solution that combines economic viability with
environmentally friendly production. Biorefineries have been the subject of study in
numerous research, development, and innovation projects in most developed and
developing countries. The versatility of waste biorefineries with regard to the
products obtained and their different added values makes these facilities economi-
cally attractive. However, there are still numerous bottlenecks that must be over-
come, which cover technical, scientific, economic, and political issues. At the
moment, several studies have been carried out to define the best technologies and
products from biomass. All these technological routes must be analyzed from an
economic, social, and environmental perspective.

1.1 Waste Biorefineries: Context, Principles,
and Importance

Over the last few centuries, humanity has been facing intense population growth and
industrialization, which led to an increasing per capita consumption and waste
generation. The environment has also been strongly impacted, with the accelerated
sea rising and acidification, deforestation, land degradation, climate change, and
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Table 1.1 Circular economy potentials for sustainable development

Economic goals Environmental goals Social goals

* Reduced costs with raw materials, |* Lower demand for virgin | * New employment
energy, emission control, waste man- | materials and energy inputs. | opportunities.

agement, insurance, and taxes. * Reduced wastes and emis- | Sharing economy.
» Green marketing; sions. « Increased sense of
* New market opportunities. * Reduced carbon footprint. | community, coopera-
* Generation of nutrients tion, and participation.

used by nature.

biodiversity depletion (Souza et al. 2015). This worrisome scenario is clearly
unsustainable under the economic, ecological, and social perspectives.

The concept of circular economy (CE) arises as a promising approach to achieve
sustainable economic development, and has been promoted by several national
governments and business organizations worldwide (Beaulieu et al. 2015;
European Commission 2015; Ellen MacArthur Foundation, Deutsche Post Founda-
tion, and McKinsey Center for Business and Environment 2015). In the CE,
companies and consumers are encouraged to reuse, remanufacture, and recycle
products, as well as to convert end-of-life materials into valuable goods with a
minimal release of waste to the environment. Successful CE implementation con-
tributes to the three aspects of sustainable development (economic, ecological, and
social), according to the CE potentials summarized in Table 1.1 (Korhonen et al.
2018).

Green chemistry (GC), defined as the design of chemical products and processes
with minimal use and generation of hazardous substances (Anastas and Lankey
2000), is also imperative to promote sustainable development. The GC principles are
based on the following aims (Clark et al. 2009): (i) maximum conversion of reactants
into products, (ii) minimum waste generation, (iii) use and production of
non-hazardous raw materials and products, (iv) safer and more efficient processes,
and (v) use of renewable feedstocks. This area has been driving promising oppor-
tunities for process innovation regarding the implementation of clean technologies,
product substitution, and the use of renewable feedstocks for the production of
energy, chemicals, and materials (Pfaltzgraff and Clark 2014).

The use of renewable feedstocks, such as biomass from living organisms (plants,
animals, and microorganisms), is one of the cornerstones for both CE and GC
approaches. Biomass is a carbon resource that can be renewed in a time interval
acceptable to its consumption (up to a few decades). Fossil resources are otherwise
finite and present higher net emission of CO; in their derived product life cycles, as
the carbon is not fixated in a reasonable timescale (see Fig. 1.1). The global market
for bio-based chemicals was valued at US$ 59 billion in 2018, with an expected
compound annual growth rate (CAGR) of 10% during 2019-2025 (Market Research
Future 2021). However, the majority of organic chemicals are still derived from
fossil resources (85% fossil-based, 10% bio-based, and 5% by recycling), even
though most of such products could technically be substituted by their bio-based
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Energy, chemicals,

(a) Biomass Processin :
g and materials

CO, release

Carbon fixation via photosynthesis
(months to years)

Energy, chemicals,

(b) | Fossil resource Processing ;
and materials

CO; release

Impractical carbon assimilation
(over millions of years)

Fig. 1.1 Production cycles based on (a) biomass and (b) fossil resources

counterparts (Carus et al. 2020; Jong et al. 2020; Kahler et al. 2021). These facts
reveal the increasing economic importance and the vast potential for biomass as an
alternative feedstock to reduce the dependence on non-renewable resources.

Biomass feedstocks vary from wastes (industrial, agricultural, and domestic
residues) to the more expensive dedicated crops (e.g., sugar, starch, and oil crops).
Regarding their utilization, there is a competition to produce energy (biofuels,
electricity, and heat), chemicals (amino acids, organic acids, antibiotics, vitamins,
etc.), and materials (paper, cotton, fertilizers, polymers, etc.), besides food and feed
(Ferreira 2017). This issue can be addressed by the integrated processing of different
biomass feedstocks into products through bio-based industries, also known as
biorefineries. A general definition for biorefineries has been devised by the Interna-
tional Energy Agency (IEA Bioenergy Task 42) (Jong et al. 2020): “biorefinery is
the sustainable processing of biomass into a spectrum of marketable products (food,
feed, materials, chemicals) and energy (fuels, power, heat).” Therefore, analog to the
oil refinery, biorefinery also produces energy and chemicals, but with a major
difference: the use of renewable feedstocks, while the former is based on fossil
resources (oil, gas, and coal).

Biorefineries must be designed considering the local feedstock availability, as
well as sustainable technologies to ensure the maximal plant efficiency: ideally every
output must have a use or value (Pfaltzgraff and Clark 2014). In this context, the use
of waste-derived feedstocks is of great importance for several reasons: negative-
valued biomass (savings with residues management), closed-loop approach
(addressing the CE), and lower demand for fresh materials with reduced environ-
mental impact by feedstock industries (i.e., reduced water and land usage, green-
house gas footprint, and loss of biodiversity) (Grigg and Read 2001; Mohan et al.
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2016). Waste biorefineries thus promote a sustainable bio-based circular economy
(or circular bioeconomy), instead of the linear and unsustainable economy based on
taking, making, and disposing (Carus and Dammer 2018; Leong et al. 2021).

Biorefineries can be classified based on the used feedstock or processing tech-
nology. For instance, there are lignocellulosic (cellulose-containing biomass and
wastes), whole crop (grain and/or straw portions of a crop), and marine (marine
biomass) biorefineries, as well as biochemical (aerobic/anaerobic digestion, fermen-
tation, and enzymatic processes), chemical (esterification, hydrolysis, catalytic pro-
cesses, etc.), and thermochemical (combustion, gasification, pyrolysis, among
others) biorefineries (Kamm and Kamm 2004; van Ree and Annevelink 2007). In
the case of multiple feedstocks and processes, the plant may be designated as an
advanced biorefinery (Ferreira 2017). This generic classification is simple but pre-
sents some flaws, such as the lack of specificity (not taking into consideration the
intermediates, products, and other details), ambiguity (a biorefinery may present
different classifications), and the problem to define biorefineries with multiple
feedstocks and/or processes.

Another classification that has been adopted relies on four features of the
biorefinery concept: feedstocks (from residues to dedicated crops), platforms (core
intermediates, such as C5—C6 carbohydrates, syngas, lignin, pyrolysis oil), products
(biofuels, chemicals, materials, etc.), and processing technologies (chemical, bio-
chemical, thermochemical, and mechanical processes) (Jong et al. 2020). For clas-
sification, the biorefinery is first named according to the number of platforms,
marketable products, feedstocks, and, if necessary, the processes—e.g., number of
platform (platforms) biorefinery for products from feedstocks. Then, a table is set up
with the biorefinery’s main features (name, platforms, products, feedstocks, and
processes) (Cherubini et al. 2009). This classification procedure is preferred due to
its flexibility and accuracy to identify multiple aspects of the biorefinery systems. A
classification example is presented in Table 1.2 for a biorefinery that converts
municipal solid waste into ethanol and methanol based on the syngas platform
(Enerkem 2021).

Biorefineries may be at different phases of development according to their degree
of complexity and flexibility. Particularly, they may be subdivided into biorefineries
of phases I, II, and III (Kamm and Kamm 2004). Phase I biorefineries, the simplest
ones, are based on single feedstock, with fixed processes and no product diversifi-
cation—e.g., one-platform (oil) biorefinery for biodiesel from oil crops (soybean).
Phase II biorefineries also convert one feedstock, but using flexible processes and
targeting different products, depending on the demand—e.g., one-platform
(C6 sugar) biorefinery for bioethanol, starch, and feed from starch crops (corn).

Table 1.2 Classification of a selected waste biorefinery (Enerkem 2021)

Name Platforms | Products | Feedstock | Processes

One-platform (syngas) biorefinery Syngas Ethanol | Municipal | Separation, gasifi-
for methanol and ethanol from and solid cation, and cata-
municipal solid waste methanol | waste lytic processes
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Fig. 1.2 Phases of biorefineries development

Phase III biorefineries, in turn, are product-driven, presenting highly integrated and
flexible processes to convert multiple feedstocks (switching between or blending
them) into a diverse portfolio of products—e.g., four-platform (C6 and C5 sugars,
lignin, and syngas) for biofuels, chemicals, feed, electricity, and heat from lignocel-
lulosic crops and residues. These industries are the most complex and advanced, in
agreement on the biorefinery concept in its broadest extension. Figure 1.2 shows a
schematic overview of the three biorefinery phases along with their main
characteristics.

1.2 Feedstocks, Platforms, Products, and Processes

Within the International Energy Agency (IEA Bioenergy Task 42) (Jong et al. 2020)
a biorefinery classification method was developed. This classification approach is
based on four main characteristics, which are able to classify and describe a
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lignocellulosic
material
thermochemical conversion pretreatment
pyrolysis syngas lignin acid/enzymatic hydrolysis
biofuels chemical conversion combustion sugar
heat and/or .
. busti energy fermentation
heat and/or chemicals biofuels
energy
Feedstock Conversion process Plataform Product

Fig. 1.3 Example of classification of biorefineries from lignocellulosic material

biorefinery system: platforms, products, raw materials, and processes. According to
Cherubini et al. (2009) each biorefinery system is treated independently and classi-
fied according to their characteristics.

Figure 1.3 shows an example of this method of classifying biorefineries starting
from a lignocellulosic material.

1.2.1 Feedstocks: Dedicated Feedstocks and Residues/Waste

Biorefineries are classified into two major groups: biorefineries designed to process a
specific crop and biorefineries that process waste (Cherubini et al. 2009).

Dedicated/Nonwaste Feedstock Dedicated feedstock crops involve fresh carbon-
based feedstock, which is currently developed for biorefinery use/purpose in the
agricultural, aquaculture, and forestry sectors. This is known as primary feedstock,
which is used exclusively for biorefinery purposes and is widely known as energy
crops. Dedicated raw material basically involves the following types of crops
(Pfaltzgraff and Clark 2014; Badgujar and Bhanage 2018).

e Cultures of lignocellulosic materials: forest hardwood, softwood, pine, and
miscanthus.
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» Grasses: green plant materials, grass silage, immature cereals, herbs, shrubs, and
plants shoots.

e Marine biomass: marine algae, marine plants, and marine micro and macroalgae.

e Oil crops: rapeseed oil, coconut oil, soybean oil, palm oil, jatropha oil, and
cottonseed oil.

 Starch crops: wheat and corn.

* Sugar crops: sugarcane, sugar beet, sorghum, potato, and rice.

Residual/Waste as a Feedstock The residual feedstock involves carbon-based raw
materials in the form of waste or by-products or waste from agricultural, aquaculture,
forestry, domestic, organic, and industrial waste. This is known as secondary raw
material, which are by-products of the primary and necessary processing suitable for
disposal or reuse (Pfaltzgraff and Clark 2014; Badgujar and Bhanage 2018).

Residual feedstock usually involves the following carbon-based residues or
bioproducts:

* Residues from the treatment of lignocellulosic materials: crop residues, sawmill
residues, non-edible part of the crop, and forest residues.

* Organic waste/by-products: urban and industrial organic waste, household waste,
vegetable waste, and animal manure (bovine and swine).

* Oil-based waste: animal fats from food industries, tanning waste, ghee-oil waste,
soap industry waste, residential, and restaurant oil waste.

* Grass residues/waste: green plant materials, grass silage, immature silage leachate
cereals, and plant shoots.

1.2.2 Biorefinery Processes

In biorefinery systems, several process technologies can be applied to convert
biomass feedstock into marketable products. This classification approach identifies
four main subgroups of processes:

* Biochemicals: Biochemical processes have the potential to convert substrates into
final products in one or a few steps using moderate reaction conditions (mild
temperature and pressure), which can lead to a more sustainable production due to
the less energy requirements and waste generation. These processes include
anaerobic digestion, fermentation, and other enzymatic conversions using bio-
logical catalysts (microorganisms or their subcomponents) (Cherubini et al. 2009;
Alvim et al. 2014; Sadhukhan et al. 2014).

* Thermochemical: The thermochemical processing is a special case of chemical
processing, involving thermal decomposition, thermal oxidation, etc. In these
processes the raw material is treated under medium to high temperature
(350-1300 °C) and/or pressure with or without a catalyst. These processes
include pyrolysis, gasification, hydrothermal improvement, and combustion
(Cherubini et al. 2009; Alvim et al. 2014; Sadhukhan et al. 2014).
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Table 1.3 Most common mechanical, biochemical, chemical, and thermochemical processes
(Pfaltzgraff and Clark 2014)

Mechanical Biochemical Thermochemical
processes processes Chemical processes processes
* Pressing * Anaerobic diges- | * Hydrolysis * Pyrolysis
* Milling tion * Hydrogenation * Gasification
* Distillation * Fermentation * Oxidation * Steam explosion
 Extraction * Enzymatic * Pulping * Supercritical
* Pelletization | conversion * Transesterification and * Combustion
esterification

* Chemicals: These processes are used to modify the chemical structure of a
substrate. They may need high temperature and pressure. They need to maintain
the catalyst temperature and the operating pressure at moderate levels to increase
the conversion of reaction and the yield and purity of the desired product. Some
examples of these processes are hydrolysis, transesterification, hydrogenation,
oxidation, and pulping (Cherubini et al. 2009; Alvim et al. 2014; Sadhukhan et al.
2014).

* Mechanical/Physical: These processes are mainly used to carry out size reduc-
tion, raw material densification, or separation of components and products,
without changing the chemical structure of the biomass components (Cherubini
et al. 2009; Alvim et al. 2014; Sadhukhan et al. 2014).

Given the above, it is evident that the concept of biorefinery is very comprehen-
sive and encompasses all aspects of biomass use, whether for the production of
biofuels or for the production of other products (Table 1.3).

1.2.3 Biorefinery Platforms

The platforms are the most important features in this classification approach. They
are essential intermediate elements between raw materials and final products and can
connect different biorefinery concepts with target markets (Jong et al. 2020).

The platform concept is similar to that used in the petrochemical industry, where
crude oil is fractionated into a large number of intermediates that are further
processed to produce energy and chemicals (Cherubini et al. 2009). The processes
are capable of generating products through a building block called platform.

The platforms are generated from the fractionation treatment or preconditioning
of the biomass, depending on the nature of the feedstock and type of products to be
produced. More than one platform can be present in a biorefinery configuration and
the number of platforms is indicative of the complexity of the biorefinery (King et al.
2010; Sadhukhan et al. 2014).

The most important platforms that can be found in energy-powered biorefineries
are as follows:
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Syngas: The synthesis gas (or syngas) is a gaseous mixture of carbon monoxide
(CO), hydrogen (H,), methane (CH,), nitrogen (N»), and carbon dioxide (CO,),
as well as light hydrocarbons such as ethane and propane, and heavier hydrocar-
bons such as tars (Molino et al. 2016). It is produced from biomass gasification.
After cleaning, the synthesis gas can be converted by thermochemical catalysis
into alcohols (methanol and ethanol), fuels such as Fischer—Tropsch diesel, and
chemicals such as dimethyl ether, isobutene, organic acids, and ammonia, among
others (Sadhukhan et al. 2014; Jong et al. 2020).

Biogas: It is produced from the anaerobic digestion of organic materials. This
waste is decomposed producing a mixture of gases. Other main products resulting
from the decomposition are methane (between 50 and 75% of the total volume)
and carbon dioxide (between 25 and 50% of the total volume). At lower concen-
trations, gases such as hydrogen sulfide, water vapor, hydrogen, and ammonia,
among others, are also generated. This biological process is used as a renewable
substitute for commercial natural gas and has an estimated conversion efficiency
of 70% (King et al. 2010; Sadhukhan et al. 2014).

Bio-oil: The term bio-oil is mainly used to refer to liquid fuels obtained from
organic materials (agricultural, forest, and urban waste) through biochemical or
thermochemical processes. Bio-oil is a multicomponent mixture of oxygenated
hydrocarbons, produced from the fast pyrolysis of biomass (Sadhukhan et al.
2014). According to Demirbas (2009), bio-oils can be separated into heavy and
light fractions, which can be upgraded through hydrodeoxygenation to liquid
biofuels and chemicals.

Sugars C5/C6: The sugar platform is one of the key platforms and is currently
considered, by volume, the largest platform for the production of chemical
products from biomass (Jong et al. 2020). Sugar is the basis for a large number
of traditional biorefinery processes and consolidated industries. C5 sugars are
released from the hydrolysis of hemicellulose. These sugars (e.g., xylose and
arabinose) can also be used to produce biofuels and chemicals. C6 sugars (e.g.,
glucose, fructose, and galactose) are released from the hydrolysis of sucrose,
starch, and cellulose. This platform is mainly used for the production of
bioethanol and other chemical products with various functionalities, such as
furfural, acetic acid, and formic acid, among others (Sadhukhan et al. 2014).
Lignin: Lignin is a very complex natural compound and offers a significant
opportunity to improve the operation of a lignocellulosic biorefinery (Jong et al.
2020). It is produced from the fractionation of lignocellulosic biomass. It has a
wide range of possibilities for the use and production of different bioproducts,
such as fuel for boilers or composite material. According to Aro and Fatehi
(2017), it is estimated that more than 95% of the lignin produced annually is
used internally in the pulp industries for energy generation. The added value of
lignin includes the production of chemicals such as vanillin and phenolic-based
aromatic compounds (Cherubini et al. 2009; Sadhukhan et al. 2014).

Fats and Oils: They are found in oilseeds, algae, and animal fat and oil-based
residues. They can be converted into fuels such as biodiesel and jet fuel. Due to
their chemical functionalities, these can also serve as reagents for the production
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of biodegradable lubricants (Sadhukhan et al. 2014). According to Jong et al.
(2020), approximately one million tonnes of oils and fats are used annually in
Germany for the production of chemicals.

e Hydrogen: It can be obtained from the gas shift reaction of water, steam
reforming, and fermentation. Hydrogen can be used as a fuel and also as a
chemical reagent for the hydrotreatment of oils, hydrogenation of sugars, and in
the production of ammonia, for example (Sadhukhan et al. 2014).

* Organic solutions: A green biorefinery processes green (wet) biomass such as
grass, clover, alfalfa, or immature cereals (Kamm et al. 2006). The first step
involves the fractionation of green biomass into a rich nutrient juice called
“organic solution” and lignocellulosic filter cake rich into fiber. This organic
solution contains compounds such as carbohydrates, proteins, free amino acids,
organic acids, minerals, hormones, and enzymes, depending on whether the
biomass used as raw material is fresh or silage (Jong et al. 2020).

* Electricity and heat: they can be used internally to meet the biorefinery’s energy
needs or they can be marketed to the power grid (Cherubini et al. 2009;
Sadhukhan et al. 2014).

1.2.4 Biorefinery General Products

The products of a biorefinery can be classified into energy products and those used as
materials for different industries or human needs. The definition of the set of
products will depend on their potential to generate revenue and the potential for
avoiding emissions by replacing similar functionalities to fossil-derived products
(Cherubini et al. 2009; Sadhukhan et al. 2014). A description of these products is as
follows:

* Biorefinery systems for energy production: the biomass is mainly used for the
production of alternative energy (biofuel, energy, and / or heat). Other products,
such as animal feed, are sold or modified to generate bioproducts with greater
added value, aiming to improve the economic and ecological performance of the
entire biomass supply chain (Cherubini et al. 2009; Sadhukhan et al. 2014).

* Biorefinery systems focusing on obtaining bioproducts: generation of bio-based
products. The process waste may be subjected to further processing to obtain
other products or energy (for internal use or sale). Some examples of these
bioproducts are biomaterials, lubricants, food, feed, chemical products,
nutraceuticals and food ingredients, pharmaceuticals, fertilizers, biodegradable
plastics, surfactants, fibers, adhesives, and enzymes, among others (Cherubini
et al. 2009; Sadhukhan et al. 2014).

Energy products such as combined heat and power (CHP) and biofuel are the
least valuable. However, due to the large production volume, the revenue generated
by this production may be greater than the production of other products. On the other
hand, the production of polymers, food, and pharmaceutical products are the ones
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high volume and low value:
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Fig. 1.4 Biorefinery products and their market drivers

with the highest added value. However, with smaller volumes produced, the chal-
lenges to find these products in the market are greater. Figure 1.4 shows the market
drivers of some products obtained in a biorefinery.

According to Sadhukhan et al. (2014), to add value to each product a biorefinery
can combine several technologies using a sequential approach to extract chemicals
before it is converted into biomass energy.

1.3 Current Scenario, Challenges, and Future Trends

1.3.1 Challenges and Trends in Biorefining

As is the case for any science and engineering field, the complexity inherent to waste
biorefineries’ production technologies gives rise to equally complex challenges and
business models. Thus, similarly to other fields, it is feasible that more than one
solution may be feasible for a given situation. Additionally, these installations do not
exist in a vacuum and to attain profitability the installations must adapt quickly to
market fluctuations.

In this section, we intend to demonstrate some challenges that are generated when
planning, commissioning, and operating biorefineries as a whole, and how waste
biorefineries face these. It should be noticed that the situations presented in the
following text are not meant to be an exhaustive list, nor the most pressing issue to a
particular installation. These are, in the opinion of the authors, the most common
issues faced in this industry, both in technical and in financial realms, and possible
solutions to these hurdles when available.

1.3.1.1 Plant and Products Sustainability

As previously stated in this chapter, the drive to develop biorefineries stems from the
necessity of establishing a circular economy (CE) manufacturing and consumption
model as soon as possible to deter further impacts to the environment. Therefore, it is
clear that to assure that the intended biorefinery is maintained within a sustainable
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business model, it is necessary to guarantee that all materials and processes used
within the plant are also sustainable.

This may seem trivial at first glance, yet, it becomes increasingly more complex
upon closer inspection. One clear issue is the utilization of fossil-based chemicals or
those that require considerable energy to be produced, as it is likely that the used
energy is also fossil-based. These are important points when designing a plant, and
their prominence could potentially put another severe and underestimated issue in
the background, the sustainability of the biomass feedstock in itself, and the extent to
which it is used.

1.3.1.1.1 Natural Resources Usage

It is important to notice that it has become increasingly common to assume that all
biomass, animal or vegetable, are renewable sources. However, this may not be true
for all biomasses, particularly those that are grown exclusively to produce goods
and/or energy.

This is the main contingency point of a traditional debate when considering
biomass-based energy or goods, the commodity—food nexus. This connection
between products and food is generated because the same land, or the biomass itself,
may be used for food manufacturing or energy-products manufacture. This may
generate unhealthy competition for the area between the crops for food crops for
commodities.

Experts claim that competition for land can increase food prices and food scarcity,
especially in underdeveloped territories. It has been suggested that due to this
competition, the price of cereals can grow by 24% in the near future, 27% for
other types of crops, and up to 6% for livestock (Ho et al. 2014). Therefore, the
usage of land to produce biomass for other uses besides human consumption may be
considered ethically dubious, especially in impoverished locations. Additionally,
another level of complexity may be added to the nexus, by considering the amount of
water used within the biorefinery. As potable water may also be used for direct
consumption or to produce food crops.

It should be noted that this debate is not recent, and has permeated many biomass-
based projects throughout history, from sugarcane-derived ethanol, biodiesel from
palm oil, energy from dedicated forests, and other situations, often out of genuine
and valid concerns.

One could consider that using feedstock grown in marginal land or with small
land footprints (algae and microalgae) may be a manner of steering away from this
difficult dynamic. However, this is true to only a certain extent, as all of these
feedstocks and the plant itself will still require water and power during culture and
processing.

Therefore, one way to veer away from this issue is to use a feedstock that is not fit
for consumption, or will not compete for land with crops for consumption, as is the
case with waste or residual biomass biorefineries. These suffer less from this type of
issue as the main feedstock will not require significant land, energy, or water to be
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produced since it is a residue from another process. Additionally, using wastes as
feedstock also agrees well with CE efforts.

It is clear that even though biorefining is largely considered to be a very
promising tool to accomplish a fully CE, severe sustainability issues may be
generated from a sub-par project that does not account for the plant’s non-supply
chain-related impacts. In order to contemplate this dimension of plant design, it is
necessary engagement with local stakeholders and experts from the project inception
to its operation. Reducing the gap between the location’s resources and needs
(D’Odorico et al. 2018) and that all aspects of the project are covered by life cycle
analysis (LCAs). Additionally, results from the project, whether promising or
underwhelming, should be made available publicly, as this type of data is sparse
in literature and is extremely useful to steer subsequent projects and may be used to
aid future policy-making (Benites-Lazaro et al. 2020).

1.3.1.1.2 Biomass Utilization

Another important parameter to assure that the processing technology is environ-
mentally sustainable is to assure that the feedstock is being used to its maximum
extent possible. This translates into making use of all parts of the feedstock,
generating little to no residues downstream of the process, a core necessity when
going from a linear economic model, where disposal is seen as a normal occurrence,
to a circular economic model (Bose et al. 2020). Additionally, making full use of the
biomass decreases the plant’s natural resources footprint, as no resources were used
to produce wastes.

This is not an easy feat to accomplish, not only for biorefineries but for any
production plant or manufacturing facility. However, this situation is aggravated
when dealing with lignocellulosic biomass, particularly when considering the usage
of the lignin fraction.

As previously stated, lignin is a complex structure, which has been underutilized
when compared to the fraction of lignocellulose with high sugar content (cellulose
and hemicellulose). Currently, lignin is mostly used for power and heat production
through combustion. However, it has the potential to substitute several fossil-based
products and, thus, strategies for economically feasible lignin valorization have been
studied for several decades (Amore et al. 2016).

Routes for the production of several chemical products have been proposed for
lignin, from low-value chemicals, such as different acids and solvents, to fine
chemicals, such as toluene, xylene, and vanillin. However, routes for the production
of fuels, such as mixed hydrocarbons, alcohols, and jet fuel, or biomaterials, such as
carbon fibers and polyurethane, have also been proposed from this molecule
(Ponnusamy et al. 2019; Wang et al. 2019).

Therefore, one can notice why the drive for feasible techniques to convert lignin
has taken proportions not unlike those generated by a gold rush, as a lignin-based
installation can be widely versatile, and thus, resilient. However, to enable the
production of these products from lignin a series of hurdles need to be overcome,
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particularly around the development of less cost-intensive routes for lignin depoly-
merization, through the use of less expensive catalysts and milder reaction condi-
tions, and more efficient products downstream technologies, particularly for bulk
chemicals and emerging fuel applications. Once these techniques are developed, it is
important that all these technologies routes must also be scrutinized by LCAs to
assure that the sustainability of the plant still holds regardless of the products (Sun
et al. 2020).

1.3.1.2 Business Model Sustainability

Assuring that the plant and its products are sustainable is the first step toward a
strong project. Nevertheless, after this analysis, other important parameters must be
observed. One important parameter is the economical sustainability of the project.

It is increasingly evident that a cascade model, utilizing all the portions and
generating a series of products, particularly those of high value and low volume, may
be needed to assure stability (Budzianowski 2017). Yet, one must also observe if the
generated products will have a market once they are available.

One clear example of this trend is the high interest in producing plastics from
biomass within biorefineries. Although commendable, the market is relatively small,
especially when compared to the fuel markets (Shen et al. 2010). It is feasible that if a
series of new installations are constructed to supply the same market, competition
between the companies will lead to instability and closures. This is an important
situation to be aware of as a collapse of biorefineries could lead to a reversion to rely
on unsustainable feedstocks or production technologies.

Contrarily, markets do not occur naturally; they are generated by manipulation of
supply and demand. Markets usually start on small scales, where a company may
position itself and tend to a particular necessity of a niche group of clients. If the
needs of the clients are fulfilled well, volumes may grow and the market expands
(Bauer et al. 2017). Therefore, to cope with narrow market positions, it is also
feasible for a biorefinery to be established as a small to medium-sized enterprise
initially and supply and grow production as needed in the market. This could
potentially be a way to increase sustainability for multiple plants. However, it is
clear that in already established markets (such as fuels and chemicals) this is not a
feasible solution, and competition with fossil fuels will remain the norm for the
foreseeable future until regulations and subsidies are adequate to reduce emissions
targets.

1.3.1.3 Current Waste Biorefineries

Despite all these challenges that biorefineries as a whole face, there are still quite a
significant number of units operating worldwide. To track these institutions, data-
bases with information over their characteristics have been constructed, such as the
repositories generated by the International Energy Agency (https://www.iea.org/)
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and the Office of Energy Efficiency and Renewable Energy (https://www.energy.
gov/eere/office-energy-efficiency-renewable-energy). Such tools are of vital impor-
tance, as one of the key pathways toward a truly circular economy is by improving
data sharing between institutions to diminish chances of failure.

However, as it is the case for any industrial field, information over technologies
and financial data is, generally, undisclosed. Nevertheless, the following items
demonstrate two study cases of waste biorefineries with demonstration plants in
different ends of the size spectrum where waste biorefineries may exist.

1.3.1.3.1 Large-Scale Project: BALI™ Biorefinery Demo, Borregaard AS

Borregaard in Sarpsborg (Norway) is a company with over 40 years of experience in
operating biorefineries for the production of a series of biofuels and other products.
The company developed the Borregaard Advance Lignin (BALI™) process. This is
a novel technology that utilizes a series of proprietary processes to achieve a high
degree of separation between lignin and the carbohydrate-rich fraction of the bio-
mass, leading to the production of four major products in the plant: cellulose,
ethanol, lignins, and vanillin (Rgdsrud et al. 2012).

The production of these products bypasses the issues described in the previous
items due to the high degree of separation between the fractions. It reduces costs both
for the utilization of the lignin for the production of other chemicals and the cost of
carbohydrate’s fermentation to biofuels or other biotechnological products. Addi-
tionally, the process is also extremely versatile, being capable of processing a series
of biomass residues, such as hardwood, softwoods, and bagasse (Costa et al. 2020).

Although Borregaard’s main activity is the production of lignin-based chemicals,
at its peak production, before a recession in the biofuels market, the company was
producing 20 million liters of bioethanol per annum (Fevolden and Klitkou 2017).
An environmental assessment of the plant demonstrated that the plant’s ethanol,
produced through its proprietary process, is on a par with other technologies
(Modahl et al. 2015).

This company’s history and market placement demonstrate that even though there
are severe barriers to the production of bioproducts from wastes, particularly those
based on lignin, a market section can be occupied by an environmentally conscious
enterprise.

1.3.1.3.2 Small-Scale Project: Biokol, Stockholm Biochar Project

Biokol or the Stockholm’s Biochar Project (SBP) is a project based in Sweden’s
capital city that processes park’s green waste (garden waste, tree cuttings, and waste
wood, mostly) to produce heat, currently generating enough to 80 apartments per
year, and biochar for the local community (Avfall 2017).

Biochar is sustainably produced charcoal with several uses apart from solid fuel,
particularly used for soil amendment. It is produced through pyrolysis, which is the
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thermal degradation of biomass in the absence of oxygen (Lehmann et al. 2011).
Additionally, biochar also is very stable, suffering small alterations when added to
soil, and thus, it has become an emergent manner of performing carbon storage
(Spokas 2014).

The SBP was established in 2013 and the produced biochar is used in trees in the
city of Stockholm to substitute peat and increase moisture retention in the soil,
increasing the tree’s health. This project is now being replicated in several locations
internationally (Azzi et al. 2021).

The successful replication of this project is explained by two main reasons. First
is the low barrier to implementation, as this is waste biorefinery that is generating
both energy and products to its community using, relatively, simple technology. The
second and possibly main reason for replicability is the willingness of the partici-
pants to share information with other parties. The team responsible for SBP has
published both a replication manual (Bloomberg 2018a) and a checklist/frequently
asked question guide (Bloomberg 2018b) to facilitate implementation. This is a very
important task often overlooked by project managers that greatly reduces barriers to
implementation in other locations.
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Chapter 2 ®)
Zero-Waste Biorefinery s

Benjamas Cheirsilp and Wageeporn Maneechote

Abstract Developing technologies to manage natural resources sustainably is a
vital start to ensure food security, supply sufficient quantities of raw materials and
renewable energy, reduce environmental footprints, and promote a healthy and
viable rural economy. Beyond this, it is also important to avoid unnecessary wastes
and to recycle unavoidable wastes in useful and efficient ways. The ideal is to have
closed-loop systems of production and byproduct reuse. A biorefinery concept can
be applied to natural resources, from which different bioproducts and biofuels are
produced, maximizing the value of the intermediates and final products, and conse-
quently decreasing the overall costs. Biotechnological processes are inherently
cleaner than petrochemical or thermochemical processes. They are performed in a
contained environment and have the potential to produce high yields of specific
products with low energy use and minimal waste generation. Biotechnology there-
fore presents unique opportunities for sustainable biorefinery. This chapter aims to
summarize current zero-waste biorefinery, emphasize on biotechnological processes,
and address the limitation and problems within this field. The innovative techniques
for possible solutions and their integration are discussed.

2.1 Introduction

The key issue in industrial production of food, feed, chemicals, materials, and fuels
is the sustainability of supplying the natural resources to meet their increasing
demands, protect global climate change, and preserve fossil resources. Driven by
these concerns, the circular economy based on “zero waste” concept has promoted
systematically designing and managing products and processes to avoid wastes and
to recover all components from raw materials and byproducts. The zero-waste scope
covers many concepts that have been developed for waste management systems
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which include reduction, reuse, redesign, regeneration, recycle, repair, remanufac-
ture, resell, and redistribute. Therefore, a zero-waste strategy receives growing
attention and popularity as best practice (ZWIA 2004). Moreover, the benefits of
zero-waste management in the environmental viewpoint are: a reduction of using
virgin raw materials, an improved efficiency of using raw materials, a reduction of
wastes and a reduced negative effect, and an extension of useful life span of sanitary
landfills. A reduction of using virgin raw materials in the process involves more
careful estimating, using substitutions for materials and processes, and reducing
processes. The proper design of processes, practices, and products to avoid or reduce
wastes and pollutants is also included (Yoganandam and Udhayasakthi 2017). Other
benefits of zero-waste management are better eco-efficiency of the manufacturing
processes due to a lower energy consumption and greenhouse gases (GHGs) emis-
sion. This strategy also creates chances to produce bioenergy and bioproducts from
the wastes, sale carbon credits, support environmental protection, and avoid using
toxic materials for the production (Pietzsch et al. 2017).

A zero-waste biorefinery concept also concerns that all components in raw
materials, byproducts, and wastes are either recovered or nurtured through
bioprocesses, without damaging the environment. Modern societies have been
employing integration of waste management systems with productions of useful
products (Zaman and Lehmann 2013; Liyanage et al. 2019). It should be also noted
that the concept of zero waste is not only limited to optimum resource recovery and
recycle but also elimination of unnecessary waste generation at the beginning of
product design. Moreover, the reduce/reuse/recycle/recovery of valuable compo-
nents has been promoted through the developed technologies. Economic gains can
then be achieved via interaction of both consumers and producers, in an effort to
accomplish zero-waste society and sustainability (Curran and Williams 2012;
Korhonen et al. 2018). The procedures to diminish industrial wastes and wasting
energy in the production of goods, as well as the recovery of these wastes were
employed largely in order to preserve materials and energy. Reduction of the wastes
in relation to the number of products will help produce more products from the same
amount of raw materials used and protect environment (Dotsenko et al. 2019).
Lately, increased consciousness of the environment, concern over ensuring sustain-
able development, and awareness of the necessity to establish waste managements
have contributed to improving the image of recycling as a significant implementation
to gain many profits and also indirectly safeguard the environment (Yoganandam
and Udhayasakthi 2017). This chapter firstly introduces a zero-waste biorefinery
concept and summarizes current biorefineries. The current and biotechnological
approaches for zero-waste biorefinery are discussed. Their limitations and possible
solutions are also addressed.
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2.2 A Zero-Waste Biorefinery Concept

A biorefinery is the technique that incorporates conversion processes and appara-
tuses to yield food, feed, chemicals, and fuels from natural resources. The biorefinery
concept is similar to petroleum refineries that yield multiple products along with
fuels from petroleum. Industrial biorefineries have been recognized as the most
powerful means to create a new-curve bio-based industry. By harvesting multiple
products, a biorefinery can make use of diversity in material components and their
intermediates to maximize the value of natural resources. In addition to zero-waste
concept, biorefineries also contribute to developing circular economy as they use
green and clean technologies to increase the value of the residuals by converting into
high value-added biofuels and bioproducts (Maina et al. 2017). It is among one of
the most crucial strategies for the bio-based circular economy that help close the loop
of natural resources, i.e. water, minerals, and carbon. New technologies in
bioprocessing and biorefinery can help maximize the value of natural resources for
the production of products and metabolites with high marketing value (e.g., bioac-
tive compounds, biomaterials, lipids, proteins, and carbohydrates) (Leong et al.
2021).

The valorization of wastes and byproducts for the production of value-added
bioproducts such as biofuels, biochemicals, and biopolymers could possibly substi-
tute the use of fossil resources as the raw materials and guarantee an ecologically
friendly carbon flow. This approach is considered as a zero-waste biorefinery which
would greatly contribute as a clean, green, and economical waste disposing ways.
Moreover, the bio-based industries possess environmentally caring properties such
as non-toxic, biocompatible, and biodegradable which support an ecologically
friendly movement, and hence globally promote a greener environment.
Bioprocesses valorizing wastes into value-added biofuels and biomaterials can
greatly avoid using fossil resources as feedstocks and this help prevent the natural
resources depletion. This strategy does not only preserve the energy environment but
also contribute to reducing GHGs emissions from burning fossil resources and
mitigation of carbon footprints. Moreover, the involving bioprocesses can be merged
with other managing systems such as waste and wastewater treatments. Recently,
various wastes have been valorized into pharmaceuticals, chemicals, biofuels (e.g.,
biogas, Dbioethanol, biodiesel, and biohydrogen), biopolymers (e.g.,
polyhydroxybutyrates and polyhydroxyalkanoates), and animal feed which are
environmental friendly bioproducts (Zeng et al. 2015; Ferreira et al. 2016; Li et al.
2018; Dahiya et al. 2018; Mishra et al. 2019a, 2019b; Leong et al. 2021). These
strategies greatly contribute to the zero-waste biorefinery concept for recovery of all
components in natural resources for production of high-value products (Fig. 2.1).
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2.3 Current Biorefineries

Based on the type of natural resources used, current biorefineries can be categorized
into 3 generations which are the first, second, and third generation (Fig. 2.2). For the
first-generation biorefinery, the refined materials mainly in sugar and oil forms took
from food crops are used. On the other hand, for the second-generation biorefinery,
the feedstocks took from non-food sources, mainly lignocellulosic wastes from
agricultural and agro-industrial wastes, wood and crop residues, are used. For the
third-generation biorefinery, renewable plant and algal resources which are more
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favorable for sustainable biorefinery process are used (Parada et al. 2017; Gutierrez
et al. 2017).

2.3.1 First-Generation Biorefinery

The first-generation biorefinery generally uses the refined feedstocks from food
crops such as cassava, wheat, corn, barley, soybean, sugar beet, sugarcane, sweet
sorghum, etc. The bioproducts and biofuels from these first-generation feedstocks
are the first-generation bioproducts and biofuels such as biochemicals, biopolymers,
bioethanol, biodiesel, and biogas. The straight vegetable oils and biomethanol are
also included in this category. In the first-generation biorefinery, bioethanol can be
produced from refined sugars and starchy materials such as sugar beet, sugarcane,
and starch crops (Cherubini 2010; Martin 2010). Subsequently, these feedstocks
could be processed using either biological or chemical transformation to other
biochemicals such as propionic acid, lactic acid, 1,3-propanediol,
polyhydroxyalkanoate/polyhydroxybutyrate, poly-y-glutamate, biofuels like ethanol
and butanol (Yang and Yu 2013). In contrast, wheat, soybean, and corn require
additional pretreatment steps (steam pretreatment followed by enzymatic starch
hydrolysis using amylase), thereafter biofuels and biochemicals are produced
using suitable microorganisms. Several co-products as food additives (high fructose
corn syrup, corn steep liquor, oil, and proteins) and animal feed (dry distillers grains
and solubles (DDGS), residual cake, and gluten meal) could be also produced
(Bothast and Schlicher 2005; Rosentrater 2006). Other bio-based products are also
generated in the first-generation biorefinery. These include polymers, paint pig-
ments, paper, cardboard, sorbents, adhesives, detergents, and dyes (Cherubini and
Ulgiati 2010).

The advantages of first-generation biorefinery involve high yield and productivity
of crops as raw materials, a fully developed cropping pattern, easiness to extract
fermentable components, and developed technology for bioconversion of them into
biofuels and bioproducts. Production chains for many biofuels have been evaluated
by Life Cycle Assessment (LCA) method in order to emphasize their environmental
impacts (Gasol et al. 2007; Quintero et al. 2008). Most LCA have shown a net
decrease in GHGs emissions and consumption of fossil-based energy when conven-
tional diesel and gasoline are replaced with bioethanol and biodiesel (Kim and Dale
2005). However, the first-generation biofuels are in competition with food and feed
industries. Therefore, the use of food crops and agricultural land lead to the ethical
consequences: a larger quantity of crops or agricultural land is devoted for biofuel
production instead of food production. Therefore, the sustainability of the first-
generation biorefinery has been strongly challenged. Their potential obtainability
is restricted by soil fertility and yields per agricultural land. In addition, the reduction
in GHGs emissions and consumption of fossil-based energy are restricted by the
high energy input for crop plantation and subsequent bioconversion to bioproducts
and biofuels (Marris 2006; Lange 2007; Mueller et al. 2011).
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2.3.2 Second-Generation Biorefinery

Second-generation biorefinery utilizes a variety of non-food crop feedstocks such as
lignocellulosic materials/residues from agro-industry, agriculture, forestry, and
devoted lignocellulosic crops. According to the literature, the wording of second-
generation biorefinery indicates utilization of a wide variety of non-food feedstocks,
conversion means (e.g., physicochemical, hydrothermal, enzymatic methods), and
value-added intermediates and products. Lignocellulosic biomass/wastes have high
potential as renewable energy sources which contribute to mitigation of GHGs and
climate change. The use of residues/wastes for the production of high-value
bioproducts can avoid environmental pollution and reduce negative effects of their
combustion on the field. This strategy also stimulates country economies and
supports energy security. However, the cost-effective conversion of lignocellulosic
wastes into biofuels and value-added bioproducts is highly challenging due to their
very complicate structure and recalcitrance. In the second-generation biorefinery,
lignocellulosic wastes are fractionated using a series of bio/chemical processes prior
to conversion into fuels and chemicals (Clark and Deswarte 2008; Patel and Shan
2021).

Lignocellulosic wastes can be categorized into forest materials, energy crops,
agricultural residues, aquatic plants, and organic solid fraction of municipal wastes
(Zabed et al. 2017). Main components of lignocellulosic wastes are cellulose at
35-50%, hemicelluloses at 20-35%, lignin at 5-30%, and other extractive com-
pounds at 1-10% based on dry weight (Menon and Rao 2012; Patel and Shan 2021).
Cellulose has a rigid structure containing long chains of glucose molecules
(C6 sugar). The difference from starch is the configuration of the bonds across
oxygen molecule joining two hexose units. Starch can be easily hydrolyzed by
enzymes or acids into glucose monomers, while cellulose is much harder to be
hydrolyzed into glucose monomers. Hemicellulose is a relatively amorphous frac-
tion which is easier to be hydrolyzed into a mix of C6 and C5 sugars using chemicals
and/or heat than cellulose fraction. Lignin is made of phenolic polymers and is
primarily the glue that offers the overall rigid structure for plants and trees. Cellulose
and hemicellulose are polysaccharides that can be hydrolyzed to sugar monomers
prior to bioconversion into biofuels and bioproducts, while lignin cannot be used
biologically converted. But it is useful in other applications such as energy gener-
ation and chemical extraction (Schutyser et al. 2018).

Major driving forces for the lignocellulosic biorefinery for production of biofuels
and bioproducts include renewable and sustainable domestic supply of energy for
the growing economic and less dependence to import energy sources, low carbon
footprint, establishing bio-circular-green economy (Valdivia et al. 2017; Oh et al.
2018). Lignocellulosic biorefinery should be developed for supplying multiple
feedstocks and producing various bioproducts. In lignocellulose biorefinery, the
preparation of feedstocks could be 50% share in production of bioproducts
(Junqueira et al. 2016). Process integration, product selection, precise master plan,
analysis of cost sensitivity and risk factors, safety, regulation, and reproducible
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economic modeling are key factors for scaling up biorefinery (Sanford et al. 2016).
Integration of lignocellulosic biorefinery is a promising strategy to produce second-
generation products at a competitive price. However, there is a pressing need to
overcome encounters for the commercialization of this integrated lignocellulosic
biorefinery (Patel and Shan 2021). Some bioproducts from second-generation
biorefineries can be given as follows:

2.3.2.1 Second-Generation Biofuels

Biofuels are the main part of the biorefinery concept as sustainable, renewable, and
alternative fuels (Amoah et al. 2019a, 2019b). Biofuels are mainly derived from
wastes and residues that can be categorized as second generation, because its
feedstock is not in competition with food and feed. Second-generation biohydrogen
is produced using various biological methods and the selection of method has a great
influence on the production yields from various feedstocks. Various fermentative
microorganisms have been widely used to produce biohydrogen (Kotay and Das
2007). Under anaerobic fermentation, biohydrogen is produced as a byproduct from
oxidation reaction of organic substrates through the sequential neutralization of
excess electrons by the activity of endogenous hydrogenase. This ordinary phenom-
enon has been applied for the systematic production of second-generation
biohydrogen. The actual yield of second-generation biohydrogen is commonly
lower than the theoretical one because a significant amount of substrates are con-
sumed in microorganism growth (Vignais et al. 2001). The production of second-
generation biohydrogen by dark fermentation also obtained acetic and butyric acids
as the main co-products. Interestingly, these organic acids could be low-cost alter-
native carbon sources for supporting heterotrophic growth of microalgae (Moon
et al. 2013; Ren et al. 2014).

Second-generation biomethane is produced by a set of microbes denoted as
methanogens. However, a limited number of the methanogens are known to assim-
ilate organic acids such as acetic acid for biomethane production (Qiao et al. 2014).
There are three main types of second-generation feedstocks that have been system-
atically studied for their prospective conversion to second-generation biomethane.
These include municipal wastes, agricultural wastes, and industrial wastes. The
second-generation biomethane production greatly depends on the microbial com-
munities and dominant species found in the wastes (Shin et al. 2004). The
hydrogenesis process is commonly competing with methanogenesis process as
methanogens consume hydrogen for methane production. This has led to the
two-step process development for biohydrogen production in the first stage and
biomethane production in the second stage (Wu et al. 2015; Xiao et al. 2018). In the
first stage, the hydrogenase activity in the acidogens produces organic acids as
byproducts and in the second stage these organic acids are then assimilated by the
methanogens. Greater yields of biomethane produced in this two-stage process over
that in the one-stage process have been reported (Xiao et al. 2018).
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Bioethanol is one of the most interesting second-generation biofuels due to its
positive impact on the environment (Kar and Deveci 2006; Pickett et al. 2008).
Bioethanol can be blended with gasoline to operate a growing number of vehicles
(Martin 2010). E10 blend also shows 2% decrease in GHGs emission, 3% decrease
in fossil-based energy usage, and also 6-6.6% decrease in petroleum usage (Chen
and Fu 2016). The second-generation ethanol gives higher combustion efficiency
than that of gasoline due to its high oxygen content (34.7%). Currently, bioethanol is
mostly produced from sugar- and starch-containing raw materials. However, various
available types of lignocellulosic biomass can serve as feedstocks for bioethanol but
they require an efficient pretreatment and acid/enzymatic hydrolysis for production
of fermentable sugars to be fermented into bioethanol by the yeasts. As lignocellu-
losic raw materials are renewable, low cost, and do not compete with food and feed
chain, their use for bioethanol production is then promising and also promote the
sustainability.

2.3.2.2 Hemicellulose-based Bioproducts

Hemicelluloses are likely to degrade during pretreatment steps such as hydrothermal
treatment, steam explosion, acid hydrolysis, and organic solvent treatment. Hence,
the fraction of hemicelluloses is seemed to be the most underutilized fraction during
the conversion of lignocelluloses to bioproducts. This vulnerable fraction can be
value added by pre-extracting it before processing of cellulose fraction (Zhang et al.
2011). Several bioproducts from the hydrolysate of this hemicellulose fraction are as
follows:

Lactic acid (LA) is a well-known industrial organic acid that can be used as
feedstock for various valuable products, especially cosmetics, chemicals, pharma-
ceuticals, and biopolymers, namely poly-lactic acid (PLA) (Rahman Mohan 2016).
PLA could be a promising candidate to substitute petrochemical-based plastics for
fabrication of prosthetic equipment, packaging, and delivery of drug due to its high
biodegradability and biocompatibility (Cubas-Cano et al. 2019). LA can be mainly
produced through microbial fermentation of both C6 and C5 sugars (Patel et al.
2004) but when sugars from hemicellulose hydrolysate are used the detoxification of
potential inhibitors might be needed (Moldes et al. 2006). To valorize hemicellulose
hydrolysate for bioproduction of LA, in most cases the heterofermentative lactic acid
bacteria are used (Patel and Shan 2021).

Xylitol is another predominant product from hemicellulose fraction. It can be
used as a low-calorie sweetener supplemented in chewing gums, toothpastes, and
products for diabetics. Because of its low-caloric and potent anti-carcinogenic
functions, it is also applied in food industry as sugar substitutes (Irmak et al.
2017). As the biological method is more eco-friendly, sustainable, and requires
low energy consumption, the conversion of xylose into xylitol by microbial fermen-
tation is recognized as a promising alternative to the current chemical process at
commercial scale. The biological production of xylitol from hemicellulose fraction
involved pretreatment step of lignocelluloses by acid/enzymatic hydrolysis,
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harvesting and detoxification of hemicellulose hydrolysate (xylose), subsequent
bioconversion of xylose into xylitol, and downstream process for purification
(Mussatto 2012; Cortez et al. 2016).

Xylooligosaccharides (XOS) are composed of xylose-oligomers linked with
p-1,4-glycosidic bonds. XOS are recognized as soluble dietary fibers which can
enzymatically be produced from hemicellulose fraction, specifically xylan, in crop
stalks, straws, and wood. XOS has also been considered as potential prebiotics and
other health-care products. Prebiotics are defined as non-digestible fibers that have
health benefits to host through selective stimulation of the growth of beneficial
bacteria, namely probiotics, in the colon (Gibson and Roberfroid 1995; Carvalho
et al. 2013; Faryar et al. 2015). This biological activity of XOS depends on the
polymerization degree varying from 2 to 12. XOS with polymerization degree less
than 4 can stimulate the growth of probiotics in the human colon like bifidobacteria.
In addition, the assimilation of XOS by bifidobacteria also enhances the production
of short chain fatty acids which involve in prevention of colon cancer (Carvalho et al.
2013). XOS containing uronic acid as branches has biological properties as anti-
allergic agent and antioxidant (Jain et al. 2015).

Polyhydroxyalkanoates (PHA) are biodegradable bio-based polymers that have
potential in an integrated biorefinery (Snell and Peoples 2009). PHA can substitute
commercial plastics like polypropylene and polyethylene due to their high biocom-
patibility and biodegradability. However, the industrial PHA production cost is still
high due to the high cost of raw materials used for PHA production (Dietrich et al.
2017). The production of PHA from hemicellulose fraction is a potent approach to
make second-generation biorefinery more feasible and help contribute to reduction
of production cost. PHA are mainly produced by heterotrophic bacteria. One of the
commercially available PHA is polyhydroxybutyrate (PHB). PHBs are found as
intracellular components of bacteria. Their content may exceed 8% of dry biomass
under nutrient-starvation and high ratio of carbon to nitrogen (Troschl et al. 2017).
Among photosynthetic microorganisms, several cyanobacteria and microalgae have
been found to be able to accumulate PHA under their mixotrophic growth and
nutrient-limitation (Samantaray and Mallick 2014).

Furfural is a derivative of pentose sugars from second-generation feedstocks
during pretreatment/hydrolysis of hemicellulose fraction (Mathew et al. 2018).
Furfural can act as a platform chemical for the production of furfuryl alcohol,
levulinic acid, and tetrahydrofuran and can be applied in various industries such as
for production of inks, fungicides, nematicides, fertilizers, flavoring compounds,
plastics, antacids, and adhesives (Raman and Gnansounou 2015).

2.3.2.3 Lignin-based Bioproducts

Lignin is one of the main compositions in lignocellulosic biomass with considerable
amount of 15-25% based on dry weight and is also the second most abundant
terrestrial biopolymer. It is a high-volume end product from lignocellulosic-based
industry. It can be extracted from wood, dedicated crops, and agricultural wastes by
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different processes. Lignin is mainly composed of three phenylpropane monomers
including coniferyl, p-coumaryl, and sinapyl alcohols. These monomers are cross-
linked by different types of stable chemical bonds making them hard to be degraded
by microorganisms (Achyuthan et al. 2010; Aadil et al. 2019). The lignin can be
valorized to higher-value products such as coatings and binders and also as a
functional ingredient (Fache et al. 2016). Lignin fraction is recognized as a
low-value byproduct obtained from the production of second-generation ethanol.
Therefore, the valorization of lignin should be integrated to pursue sustainable and
cost-effective biorefinery (Schutyser et al. 2018). It is a challenge to use lignin for the
production of commercially high-value products due to its complex structure. Based
on the specific characteristics of lignin, different industrial commodities can be
produced. These include aromatics, resins, carbon fibers, fuels, adhesives, and
dispersants (Azadi et al. 2013).

2.3.2.4 Lignocellulosic Biomass-based Biochar

Biochar is a black carbon obtained from pyrolysis process of lignocellulosic biomass
and can be used for construction materials, soil amendment, catalysts in a fuel cell,
and for bioenergy production, and also contribute to CO, sequestration (Sharifzadeh
et al. 2019; Yang et al. 2019). Current researches revealed that biochar with large
pore size and specific surface area could improve its adsorption feature. Modification
of substrate-induced uncertainty by biochar has been reported to significantly
improve anaerobic digestion and also reduction of GHGs emission (Fagbohungbe
et al. 2017; Masebinu et al. 2019).

2.3.2.5 Crude Glycerol-based Products

Crude glycerol is a byproduct generated approximately 10% (w/w) of the biodiesel
produced via transesterification reaction. The impurities in crude glycerol depend on
the type of catalyst used, oil-alcohol ratio, recovery method, and conversion yield.
The amount of crude glycerol generated greatly increased along with the increasing
biodiesel production. Therefore, many researchers are attempting to valorize crude
glycerol into high-value products. Crude glycerol can also be used as supplement in
animal feed (Kerr et al. 2007). It has been used as a promising feedstock for
bioproduction of various biofuels and bioproducts like syngas, butanol, citric acid,
1,3-propanediol, docosahexaenoic acid, and polyhydroxyalkanoates (Yang et al.
2012). Other studies also show that glycerol can be used as a carbon source for
production of microalgal biomass and lipids (Katiyar et al. 2017). However, these
crude glycerol-based products still need further studies to make them economically
feasible for incorporation into biorefinery (Mishra et al. 2019a, 2019b).
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2.3.3 Third-Generation Biorefinery

Third-generation biorefinery can be called advanced biorefinery because of the
feedstocks and techniques used to proceed. The third-generation biorefinery uses
specific microorganisms, microbe, and microalgae as its feedstocks (Gonzalez and
Kafarov 2011). Microalgae are photosynthetic single cell that can be found in
various environments, under a wide range of environmental conditions. They can
grow at 20-30 times faster growth rate than food and oil crops and also throughout
the year in various climates. Their biomass productivity is then much higher than
those of land crops (Chisti 2007). Not only biofuel, microalgae are also known as
photosynthetic microorganisms using solar energy for production of other high-
value bioproducts (Leu and Boussiba 2014; Venkata Mohan et al. 2015). Microalgae
can be cultivated in various cultivation modes, i.e. photoautotrophic, heterotrophic,
and mixotrophic systems (Devi et al. 2013; Chandra et al. 2014). Third-generation
biofuel production has been established as integration of upstream and downstream
processes. However, some major limitations still remain in downstream process such
as harvesting and dewatering of microalgal biomass those require intensive energy
and cost. Because of relatively low biomass productivity from photoautotrophic
cultivation modes, microalgae bioprocesses have been shifted toward heterotrophic
and mixotrophic modes and implemented for production of multiple products
through biorefinery concept (Rohit and Venkata Mohan 2016; Yen et al. 2013).
Integration of third-generation biorefinery with wastewater treatment would
achieve effective utilization of waste stream for production of microalgal biomass
which helps reduce overall waste components and support sustainable economics.
The residual microalgal biomass after extraction of lipids and pigments that contains
high content of starch can be digested anaerobically to produce either biohydrogen
or biogas. This biorefinery approach is more economical attractive than extraction of
only one single product. The composition of microalgal biomass is also critical for
the production of multiple bioproducts such as human food products, cosmetics,
pharmaceuticals, nutraceuticals, biofuels, and animal feed. The suitable microalgae
species should be selected and their cultivation conditions should be optimized
(Brennan and Owende 2010; Fasaei et al. 2018). Recently, microalgal
exopolysaccharides (EPSs) have gained considerable attention in the viewpoint of
growing demand for the use in a wide range of medical, biotechnological, and
industrial applications as potential antibacterial, antioxidant, and emulsifier. In
addition, microalgal cell surface-attached EPSs have also attracted attention due to
their effects on flocculation property, dewatering of biomass as well as water quality
(Xiao and Zheng 2016; Liu et al. 2016). As microalgal EPSs are composed of
various monomers such as sugars, proteins, nucleic acids, and lipids, they are also
interesting products in the third-generation biorefinery (Xiao and Zheng 2016).
The microalgal biomass after valuable component extraction can be further used
in a wide range of bioprocesses such as feedstocks for fermentation and anaerobic
digestion to produce biohydrogen and biomethane (Subhash and Venkata Mohan
2014). Thermochemical conversion has been used to convert microalgal biomass
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into biochar and bio-oil (Agarwal et al. 2015; Sarkar et al. 2015). Microalgal
biomass with high content of glucose-based carbohydrates is likely the most prom-
ising feedstock for production of third-generation bioethanol. Other high-value
co-products would contribute to third-generation biorefinery as well as support the
economics of the processes (Venkata Mohan et al. 2015). To preserve other high-
value co-products the suitable extraction methods and steps should be carefully
selected (Gerardo et al. 2014).

The potential of microalgae in third-generation biorefinery has gained much
attention for the production of pharmaceuticals, biofuels, food, and feed (Faried
et al. 2017). Recently, oleaginous microalgae have been evaluated as zero-waste
biorefinery feedstocks. An efficient zero-waste biorefinery process for oleaginous
microalgal biomass was attempted to extract pigments, produce biodiesel and
fermentable sugars. This process includes acetone extraction for pigment recovery,
subsequent direct transesterification of microalgal lipids into biodiesel, and acid
hydrolysis of carbohydrate content in lipid-free residual microalgal biomass residues
(LMBRs) to produce fermentable sugars (Mandik et al. 2020). LCA is required to
quantify all resources needed for production of microalgal biomass and also down-
stream process such as biomass harvesting, extraction and purification methods for
each component. The GHGs emissions and their impact on environment should be
calculated as well. Beyond this, the economic analysis is also a key factor to carry
out the third-generation biorefinery. These tools help understand the feasibility of the
selected scenarios and provide potential pathways to accomplish the industrializa-
tion of third-generation biorefineries (Koyande et al. 2019).

2.4 State of the Art

In a resource biorefinery, fractionation of the resources into their structural compo-
nents, i.e., cellulose, hemicellulose, lignin, carbohydrate, protein, lipids, and fiber, is
very important for their further valorization. The fractionation methods used in the
zero-waste biorefinery should be able to separate each component while facilitate
their recovery with high yield and minimize subsequent purification. Examples
of fractionation methods are hydrothermal, alkali, dilute acid, steam explosion, use
of organic solvent and their combinations. In the second-generation biorefinery of
biomass feedstock, pre-extraction of hemicelluloses and lignin and subsequent
production of high value-added products like ethanol, sugar-based polyesters, bio-
polymers, and other chemicals have been proposed as a promising approach for
zero-waste biorefinery (Lin and Luque 2014).

Pretreatment is a crucial step for breaking down a firmly intertwined matrix of
recalcitrant lignocellulosic biomass. Extraction of lignin, partial or total extraction of
hemicellulose as well as reducing crystalline fraction of cellulose and polymerization
are required to make biomass more suitable for hydrolysis steps to produce sugar
monomers and other fermentable compounds. Several combinations of physico-
chemical and biological methods have been attempted to improve the digestibility
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of biomass (Alvarado-Morales et al. 2009). Production of cellulose hydrolyzable
fraction is the first criterion for choosing the pretreatment methods in the second-
generation biorefinery. Traditional pretreatment and conversion processes use ther-
mal and/or chemical methods that are relatively energy-intensive processes and
pollute the environment (Christopher et al. 2014; Baeyens et al. 2015).

Alternative approaches using biotechnology may be able to address these chal-
lenges. Biotechnology is the discipline involving biological processes, and this also
includes any other methods that use living cells or cell components for bioproduction
or to improve agriculture and healthcare, modify and develop products and living
cells for specific use. The growth in the economy requires unlimited energy
resources, large-scale practices, and inexpensive feedstocks to produce high-value
products (Stuart and El-Halwagi 2012). Biotechnology for bioenergy production has
been extensively performed in response to the growing demand for biofuel through
biomass conversion as renewable energy sources. Therefore, biotechnology process
is considered the best option for substituting chemical processes in biorefinery
(Haddadi et al. 2018). A techno-economic analysis has also revealed that it was
possible to apply biotechnology for brewer’s spent grain biorefinery by
co-production of xylitol from xylose, ethanol from cellulose, and
polyhydroxybutyrate from organic acids. This strategy would greatly contribute to
zero-waste biorefinery and is feasible in the viewpoint of economic and energy
consumption (Davila et al. 2016).

Biotechnological approach in second-generation biorefinery has been challenged
to convert hemicellulose and cellulose in the biomass feedstock into biofuel and
bioproducts. For such second-generation feedstocks directed biorefinery needs an
effective pretreatment technique to enhance the enzyme accessibility and degrada-
tion. The pretreatment and enzymatic hydrolysis require effective enzyme cocktails
to degrade rigid structure of the polysaccharides and saccharify to monosaccharides.
The enzymatic hydrolysis is a specific and environmental friendly approach over
thermos and chemical hydrolysis. In addition, as enzymatic hydrolysis occurs at a
mild temperature, it does not generate sugar derivatives that potentially inhibit the
fermentation microbes during bioproduction. Recently, the pretreatment methods
have been developed to reduce the enzyme loading for hydrolysis. Ionic liquids are
one of candidates that have been used for biomass pretreatment. This method not
only reduces the formation of inhibitors but also has high recovery yield and lower
energy requirement (Nguyen et al. 2010; Abe et al. 2010). Ionic liquids tend to
change the plant cell wall structure, increase accessibility of cellulose, and decrease
crystalline structure of cellulose (Putro et al. 2016). However, the efficient enzymatic
conversion is still one of the main bottlenecks for second-generation biorefinery.
Therefore, new milder pretreatment, new types of enzymes, processing regimes,
recovery techniques, and product development have been attempted for effectively
utilizing all major components in second-generation feedstocks to create new prod-
ucts (Fache et al. 2016).

After pretreatment, cellulose fraction in both amorphous and crystalline forms
and some oligosaccharides are obtained. Multiple enzymes catalyzing hydrolysis
reaction of the respective parts of cellulose should be introduced during
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saccharification step (Amoah et al. 2019a, 2019b). Simultaneous saccharification
and fermentation (SSF) is a process in which cellulose is enzymatically hydrolyzed
into sugars and then microbial fermentation converts these sugars into bioproducts
simultaneously in a single unit process. This process is possible because the enzy-
matic saccharification happens at a low temperature at which the microbes can grow
and produce targeted metabolites. In addition, this process can reduce product
inhibition to the enzymes and catabolite repression to the fermentation microbes.
SSF can also decrease the overall production time and prevent contamination
(Ballesteros et al. 2004).

In addition to biomass biorefinery, biotechnology has been also applied for oil
feedstock biorefinery. The refined oils used for biodiesel production are considered
as first-generation feedstock. Its cost could be as high as 60-80% of the total cost for
biodiesel production. Therefore, this feedstock results in high price of biodiesel and
less competitiveness (Parawira 2009). It should be noted that the traditional chemical
process for biodiesel production conducted at high temperature and high pressure, is
not environmental friendly. On the other hand, enzymatic biodiesel production
presents the advantages of lower energy requirement, higher conversion yield of
oil feedstocks that contain free fatty acids (FFA) at high level. This method also
yields crude glycerol with high purity which is suitable for further use in other
bioproducts. The development of enzymes in immobilized forms provides easier
product recovery and enzyme reuse which contribute greatly to the reduction of
production cost of biodiesel (Adachi et al. 2013; Christopher et al. 2014; Amoah
et al. 2019a, 2019b).

An approach for better understanding of the sustainability of zero-waste
biorefinery is the integration of interdisciplinary methodologies involving technical,
economic, environmental, social, and politics areas. Several assessments like LCA,
techno-economic analysis (TEA), and social environmental analysis (S-LCA) have
been proposed. TEA is performed to assess the technical feasibility and the eco-
nomic sustainability as well as identify the bottlenecks of the process. During
product and process design, TEA can help improve the processes by giving the
best choices and establishing promising goals (Shah et al. 2016). Although the LCA
of third-generation biorefinery shows its better eco-friendly feature than the fossil
fuels, the system still needs to address the techno-economic challenges for the
sustainability (Mishra et al. 2019a, 2019b). LCA and TEA of a successful
biorefinery depend on factors like availability and abundance of renewable sources,
demand for biofuels and co-products, and zero-waste possibility. Further interdisci-
plinary collaborations would promote biorefinery sustainability and more complex
models with assessments of multiple criteria and spatial referenced tools can help
evaluate the sustainability of a zero-waste biorefinery (Lindorfer et al. 2019; Silva
et al. 2017).
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2.5 Limitations and Prospects of Zero-Waste Biorefinery

For successful zero-waste biorefinery model, the process should produce high-value
chemical/material products as much as possible instead of low-value but high-
volume products. In addition, the process should also provide biofuels (Cherubini
2010). Another challenge for zero-waste biorefinery is the development for sequen-
tial extraction and bioconversion of the components in the biomass, i.e. lignin which
has complex structure, low solubility, and low reactivity. These characteristics
hinder its use for extraction and production of value-added products (Park et al.
2018). Recently, lignin has been transformed into either fuels or value-added
products via chemical/biological methods (Dragone et al. 2020). However, the
zero-waste biorefinery still faces some limitations including technical and econom-
ical feasibility, environmental footprints, and geographical location (Dutta et al.
2014). Scaling up biorefinery dealing with a large amount of feedstocks is a
challenging step that needs efficient manufacturing operations and downstream
facilities. On the other hand, the effective management of processes and regulatory
concerns will help facilitate process and product innovations in biorefinery (Sanford
et al. 2016).

Biorefinery requires process and product innovations to offer great opportunities
for all industrial and economic sectors. Moreover, building bioeconomy can also
help overcome present limitations and shift to environmentally benign industry
(de Jong and Jungmeier 2015). The innovation sectors should precisely consider
the integration of understandings and knowledges in the areas of low carbon
societies, sustainability, and closed-loop business goals those are driving modern
bioeconomy. The zero-waste biorefinery should be highly energy efficient and able
to make use of all components following the zero-waste concept and allow all
industrial sectors to manufacture environmental friendly and marketable products
with minimal carbon and water footprints. In addition, the zero-waste biorefinery
should consider possible unintentional competitions of resources and feedstocks,
water supply, product quality, land usage, GHGs emission and impact on biodiver-
sity (Zondervan et al. 2011; Van Dael et al. 2014).

2.6 Conclusion

The developing zero-waste biorefinery plays an essential role in stimulating the
production of commodity bioproducts with no underutilized components. Different
bioproducts and biofuels are produced while the values of all intermediates are
maximized and the overall production costs are reduced. The production process
should be designed to separate each component with high yield and facilitate their
further purification or bioconversion. During the whole production life cycle, energy
requirement should be minimized and the use of hazardous chemicals should be
avoided. Moreover, overall processes should be environmental friendly with
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minimal carbon and water footprints. Biotechnological approach presents great
opportunities for sustainable zero-waste biorefinery. The limitations and prospects
of zero-waste biorefinery have been summarized.
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Chapter 3 m)
Waste Biorefineries Facilities: The Creck o
Feedstock Choice

Mariana Manzoni Maroneze, Estefania Sierra-Ibarra,
Carlos A. Montenegro-Herrera, and Alfredo Martinez

Abstract This chapter provides an overview of waste feedstocks and their potential
applications in new biorefineries. The fundamental aspects of the biorefinery are
discussed, focusing on thermochemical, chemical, and biochemical processing
methods. Recent literature reports are reviewed, which explore the main feedstock
wastes used in biorefineries (lignocellulosic biomass, municipal solid waste, food
waste, oil-based wastes, and sewage sludge). The chapter also includes characteris-
tics of biorefineries processes, their pros and cons, conversion processes, and
applications. Finally, the chapter presents the main conclusion and appropriate
recommendations.

3.1 Introduction

In the face of the economic collapse—the largest since the great depression of the
1930s—driven by the coronavirus outbreak, authorities around the world are cur-
rently developing recovery programs at a remarkable scale to shape infrastructures
and industries for the next few decades. The major goals are to mitigate unemploy-
ment and re-stabilize industry and commerce. However, if well designed, parts of
these packages are to enhance the sustainability of the energy sector, with a potential
goal to develop a cleaner, more secure, resilient, and cost-effective energy system
(Markard and Rosenbloom 2020). In this scenario, waste-based biorefineries can
play a vital role in the economic recovery of states.

In a world with finite resources, energy recovery from waste or residues is a key to
establishing a sustainable economy. Every year, an estimated 9—-11 billion tons of
waste are produced globally, which is incessantly increasing day by day (Badgujar
and Bhanage 2018; Chen et al. 2020). To meet the growing energy demands and the
reduced depletion of fossil resources, the waste-to-energy approach holds a signif-
icant role in mitigating the challenges facing waste management. Currently, landfill
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to waste disposal remains the most common method of waste management, partic-
ularly in developing countries as this method is simple and relatively inexpensive.
While this approach is an effective waste management system, if not managed
correctly, non-sanitary landfills become a significant source of greenhouse gases
emissions, soil and groundwater contamination, unpleasant odors, leachate genera-
tion, and disease spreading vectors, flies, and rodents (Kim and Owens 2010; Rehan
et al. 2019).

Several definitions of biorefinery have already been reported in the literature
(Cherubini 2010; de Jong and Jungmeier 2015; Solarte-Toro et al. 2021). However,
they all refer to the processes that convert biomass into a range of marketable
bio-based products and bioenergy (IEA 2008). The feedstock is an integral part of
the biorefinery system, and its choice is critical in the definition of techno-economic
viability, availability, and sustainability metrics.

Residues from lignocellulosic biomass, organic residues (mainly municipal solid
waste and food waste (FW)), oil-based wastes, and sewage sludge are among a few
potential feedstocks for waste biorefineries. These types of biorefinery can be
employed to produce biofuels, bioenergy, platform chemicals, biofertilizers, soil
conditioners, and bioplastics (de Jong et al. 2012; Venkata Mohan et al. 2016).
However, the choice depends on the target products, feedstock availability, and
facility structure. In this sense, this chapter aims to discuss the main waste feedstocks
used in biorefineries, their pros and cons, recent literature reports, and their
applications.

3.2 Waste Biorefineries

Understanding the available feedstocks, their compositions, and the target products
is crucial to facilitate efficient waste valorization and choose the ideal bioconversion
process. Depending on their source, the wastes can present many valuable com-
pounds, which include carboxylic and other acids, carbohydrates, proteins, nitrogen,
phosphorus, and metals. When combined with the biorefining process, they can be
transformed into high-valuable products such as food additives, chemicals, biode-
gradable polymers, and bulk products, such as materials and energy. Numerous
sources of waste are explored in the biorefinery concept. In this chapter, we focus on
the major sources of waste, which are (i) lignocellulosic biomass, (ii) municipal solid
waste, (iii) FW, (iv) oil-based wastes, and (v) sewage sludge (Fig. 3.1).

The conversion processes of wastes are grouped into three major categories:
(1) thermochemical pathway, where high temperature is applied to feedstock using
chemicals as a solvent, such as liquefaction, pyrolysis, and gasification;
(i) transesterification process based on chemical conversion, in which the wastes
are treated with chemicals; and (iii) biochemical process, where the waste feedstock
is converted into value-added products through enzymes or microorganisms, as in
anaerobic digestion and fermentation. Figure 3.2. summarizes these pathways. To
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improve the biorefinery efficiency, a combination of two or more conversion routes

is employed in process integration (Tsegaye et al. 2021).

Thermochemical conversion is considered the most versatile technology applica-
ble to many waste feedstocks. This technology uses severe treatment under high
temperatures and in some cases high pressure to generate energy and high-value
products (Labaki and Jeguirim 2017). Operating conditions and the end products are

the differences between the variants of this category.

Combustion is carried out under severe oxidative conditions and high tempera-
tures (800—1000 °C), to generate heat (Materazzi and Foscolo 2019). As alternatives
to combustion, gasification and pyrolysis are the refined thermochemical methods
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aimed to generate solid, liquid, or gaseous biofuels. Characteristically, for pyrolysis
temperatures between 300 and 800 °C are employed and are divided in slow,
intermediate, and fast processes, based on their different temperatures, residence
times, and heating rates (Santos et al. 2020). Regardless of the type of pyrolysis, the
same energy products are generated (bio-oil, biochar, and syngas). For gasification,
0,, CO,, steam, or supercritical water treatments are applied on the waste feedstock
at high temperatures from 800 to 1000 °C. From this reaction, syngas and heat are
generated (Lee et al. 2020). Thermochemical liquefaction requires a moderate
temperature (250-400 °C) and high pressure to obtain biocrude oil, biochar, and
gases, in which the volume of liquid oil generated is higher than that of biochar and
gaseous products (Maroneze et al. 2019).

The chemical wastes conversion is the transesterification of catalyzed process,
where fats and oils are converted to fatty acid methyl ester, known as biodiesel and
glycerol, using catalysts to increase the rate of chemical reactions. This reaction has
been widely used to produce biodiesel from waste cooking oil and waste animal fats
(WAFs). In the transesterification process, alcohols like methanol and ethanol are
used for chemical reactions owing to their low cost and high availability. The
transesterification can be performed with many catalysts including alkalis, acids,
and enzymes (Tan et al. 2019; Karpagam et al. 2021).

Bioconversion is the conversion of plant or animal waste into value-added
products or usable products through the process of waste transformation, using
biological agents such as whole cells or purified enzymes. The bio-based production
is environmentally sustainable, clean, and eco-friendly as they are bio-processed at
room temperatures (or close), using atmospheric pressure and free of harsh chemical
catalyzers (Mu et al. 2010). Moreover, bio-based production generates minimal
by-products and demands low energy (Bilal et al. 2021). Nevertheless, a prior
thermochemical or chemical treatment of feedstocks is vital for -efficient
bioprocessing (Behera et al. 2014; Kiran et al. 2017). Biochemical transformation
of biomass can be achieved through three pathways: anaerobic digestion, fermenta-
tion, and enzymatic catalysis. The combination of these processes or only one
process can generate a broad range of products such as biofuels, biogases,
bioplastics, oligo- and monosaccharides, bioactive molecules, and lignin derivatives
(Cho et al. 2020).

Anaerobic digestion is a waste-to-energy technology commonly used at different
scales globally to produce energy and fertilizers. It occurs naturally at temperatures
between 35 °C (mesophilic) and 55 °C (thermophilic) when high amounts of wet
organic matter accumulate in the absence of oxygen (Meegoda et al. 2018). In this
bioprocess, anaerobic microorganisms convert different feedstocks, mainly food
wastes and animal manure, into biogases comprising 60—70% methane, 30—40%
CO,, and a solid nutrient-rich residue useful for crops applications (Xu et al. 2018).

Fermentation is the most versatile method for bioconversion processes owing to a
broad range of available carbon sources, microorganisms, and products. Thus,
fermentation is defined as the metabolic process that produces chemical changes,
through a sequence of enzymatic actions that microorganisms perform, to generate
energy through the oxidation of organic compounds (substrates) and the reduction of
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an endogenous electron acceptor. Fermentation in the field of biochemistry is an
anaerobic process for energy production. However, in its broad definition, it refers to
any process where the action of microorganisms brings the desired change in the
substrates (Godbey 2014). The products, efficiency, and yield of fermentation
depend on the substrate, the catalyst (as isolated enzymes or whole cells), and the
process conditions (Tomasik and Horton 2012). Therefore, fermentation is grouped
into different subcategories in biorefineries application.

Dark fermentation is a process developed for biohydrogen production performed
in the dark under anaerobic conditions using pure cultures or mixtures of microor-
ganisms since it is related to the acidogenic stage of the anaerobic digestion process
(Antonopoulou et al. 2011). Photo-fermentation is a process of converting organic
compounds such as volatile fatty acids (VFA) into H, and CO, through the action of
photosynthetic microorganisms to produce chemical energy from sunlight to power
metabolic enzymatic reactions (Sagir and Hallenbeck 2019). Nevertheless,
two-stage processes using sequential dark and photo-fermentation have been used
to increase overall biohydrogen yield since this parameter is higher in photo-
fermentation systems (Chen et al. 2008). Dark fermentation has lower production
costs than photosynthetic methods as it is characterized by ambient temperatures and
pressures. Moreover, it uses less expensive photo-bioreactors, such as organic
wastes from agroindustry or sewage as substrate (Antonopoulou et al. 2011).

The most applicable bioconversion process in the biorefinery context is the
fermentation of carbohydrates, mainly monosaccharides, and products transforma-
tion (e.g., organic acids and alcohols) to synthesize organic metabolites of commer-
cial interest. The products spectrum from this type of fermentation is biofuels,
organic acids, polysaccharides, amino acids, vitamins, antibiotics, solvents, and
proteins (Anderson 2009). In search of bioprocesses with high yields and produc-
tivities, the performance of biological catalysts, i.e., microorganisms or enzymes,
has been enhanced by genetic and protein engineering, genomic mining, and adap-
tive laboratory evolution (Utrilla et al. 2012).

3.3 Waste Feedstocks

From a biorefinery perspective, feedstock is any raw material that can be converted
into value-added products. Feedstocks are grouped into three main categories: the
first generation that uses edible crops; the second generation that uses non-edible
crops, agro-industrial residues, and other wastes (e.g., municipal and food), and third
generation that are microalgae-based processes (Moncada et al. 2014). First-
generation biorefineries are considered sustainable and economically feasible plat-
forms in the USA and Brazil where bioethanol is produced from corn and sugarcane.
Nevertheless, some ethical issues still exist regarding the use of edible crops for
synthesizing non-edible products (Albonetti et al. 2019. The second- and third-
generation biorefineries are also sustainable and economically feasible platforms
that avoid the ethical concerns mentioned above (Badgujar and Bhanage 2018).
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However, probably the most studied is the concept of second-generation biorefinery,
in which the processes generate waste feedstock (Albonetti et al. 2019; De
Bhowmick et al. 2018). This waste feedstock includes agro-industrial (lignocellu-
losic) residues, municipal solid wastes, food wastes, waste cooking oil, and
animal fats.

3.3.1 Agro-industrial Waste

With the rapid population growth, the agribusiness industry has experienced accel-
erated development, recording revenue of 75 billion dollars in 2017. However, this
development has turned agro-industrial wastes into an important environmental
problem, since more than five million metric tons are produced yearly (Ravindran
et al. 2018; Mehmood et al. 2021). Residues from agroindustry and timber are
attractive biorefinery platforms because the content of starch, xylan, glucan, and
lignin contains useful compounds for bio- and chemical conversions. Lignocellulose
comprises approximately half of the plant’s biomass, and it is the most important
renewable resource (Sanchez 2009). Lignocellulose has three main components:
cellulose (35-50%), hemicellulose (20-35%), and lignin (15-25%), and it is a rigid
structure organized as an intricate complex of polymers linked by covalent and
non-covalent bonds (Fig. 3.3) (Vargas-Tah et al. 2015; Kohli et al. 2019). Other
minor components of lignocellulose include vitamins, organic acids, volatile

Lignocellulosic
Biomass

Hemicellulose 4

20-35% Cellulose
l % 35-50%
Lignin
20-35%
Hexoses and l

pentoses Glucose
Phenylpropanoids

Fig. 3.3 Structure of lignocellulose
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compounds, fats, proteins, and inorganic compounds (mainly minerals) (Kumar and
Sharma 2017).

Cellulose is a crystalline structure of glucose homopolysaccharides, linked and
stabilized by B(1-4) glycosidic and hydrogen bonds, respectively (Kannam et al.
2017). Hemicellulose is a branched acetylated heteropolymer composed of xylose,
glucose, and arabinose. Stabilized by hydrogen bonds, hemicellulose contains lower
amounts of galactose, mannose, and cellobiose, in a less organized structure than
cellulose (Kumar et al. 2019). Finally, lignin is an amorphous aromatic polymer
synthesized from monolignols such as guaiacyl, p-hydroxyphenyl, syringyl,
p-coumaryl, sinapyl, and coniferyl alcohols (Uzuner et al. 2018). Lignin is found
on the exterior of the lignocellulose macro fibrils, covalently attached to hemicellu-
lose, and acted as a crosslinker for cellulose and hemicellulose. Moreover, lignin
facilitates rigidity to the cell wall and protects the cellulose structure (Kumar et al.
2019). Physicochemical and thermochemical treatments are often used to hydrolyze
the structure due to the recalcitrance of lignocellulose and mechanical support.
Physicochemical and thermochemical treatments also help to obtain hemicellulosic
monosaccharides, organic acids mainly acetate, volatile compounds such as furans,
phenolic lignin derivatives, amorphous cellulose, and low amounts of glucose
monosaccharides (Kumar et al. 2009). Since glucose is the preferred substrate for
bioconversion processes, additional steps are required to break the amorphous
cellulose into free glucose molecules. Therefore, enzymatic saccharification is
often used for this purpose (Guo et al. 2018). A wide spectrum of agro-industrial
residues can be used as feedstocks in biorefineries. These include bagasses, straws,
corn stover and cobs, seeds, coffee pulp and grounds, grasses, and nuts shells.
Timber wastes are another important source of lignocellulosic feedstocks that
generate a significant amount of residues such as branches, chunks, and sawdust
from the cutting process of soft and hardwoods.

Sugarcane bagasse (SCB) is one of the most available wastes, being Brazil, India,
and China the top producers of SCB in the world. Since 270 tons of this residue can
produce 1000 tons of processed sugarcane, then approximately 600,000 million tons
of SCB are generated yearly (Loh et al. 2013; Martinez-Hernandez et al. 2018). The
average compositions of SCB are 40-45% cellulose, 30-35% hemicellulose,
20-30% lignin, and up to 2% ashes (Parameswaran 2009; Cardona et al. 2010;
Alokika et al. 2021). The SCB is more advantageous for bioconversion processes
owing to its low ash content and the higher yield of 80 t/ha per year, compared to
11-17% ashes and 1-20 t/ha per year of other wastes such as straws, grasses, and
woods (Pandey et al. 2000). SCB offers benefits to logistic management as it has
already been collected in the sugar mill and bioethanol factories, thereby reducing
processing costs. Bioprocess techniques to convert SCB into value-added products
are divided into a) liquid fermentation, where the whole or hydrolyzed bagasse is
utilized, and b) solid-state fermentation, where the SCB is applied as the carbon
source or as inert support (Pandey et al. 2000). Although SCB has mainly been used
for bioenergy and biofuels production, its versatility in cultivating microorganisms
enhances the development of the synthesis of alcohols, composites, polymers, fibers,
proteins, etc. Table 3.1 summarizes some processes from SCB to the synthesis
products.
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Table 3.1 Production of value-added compounds from different lignocellulosic sources

Agro-

industrial Yield/

waste Conversion process | Product Titer Region | Reference

Sugarcane | TCH/ES/ Fuel ethanol T8% Asia Yu et al. (2018)

bagasse fermentation

Sugarcane | TCH/ES/ Fuel ethanol 77% South Wanderley et al.

bagasse fermentation America | (2013)

Sugarcane | TCH/ES/ Fuel ethanol 92% South de Araujo

bagasse fermentation America | Guilherme et al.

(2019)

Sugarcane | TCH/fermentation | p-lactate ~100% North Utrilla et al.

bagasse America | (2016)

Sugarcane TCH/ES/ 2,3-butanediol 70% Asia Zhao et al.

bagasse fermentation (2011)

Corn stover | TCH/ES/ Fuel Ethanol 76% North Vargas-Tah

fermentation America | et al. (2015)

Corn stover | TCH/ES/ Fuel Ethanol 74% Europe | Ohgren et al.

fermentation (2006)
Corn stover | TCH/fermentation | Carboxylic 55% North Thanakoses
acids America | et al. (2003)

Rice straw | TH/ES/ Ethanol 81% Asia Wi et al. (2013)

fermentation

Rice straw | TCH/fermentation | Butanol 13.5g/LL | Asia Ranjan et al.

(2013)

Oat straw TCH/fermentation | Biohydrogen 2.9 mol North Arriaga et al.
H,/ America | (2011)
mOIhexose

Wheat TCH/ES/ Fuel ethanol 47% North Saha et al.

straw fermentation America | (2005)

‘Wheat Chemo-mechanical | Nanocomposites |— North Alemdar and

straw America | Sain (2008)

Wheat TCH/fermentation | Xylitol 59% South Canilha et al.

straw America | (2008)

Barley TCH/fermentation | Acetone, buta- 27 g/lL North Qureshi et al.

straw nol, ethanol America | (2010)

mixture

Barley TCH/ES/ Fuel Ethanol 70% Europe | Paschos et al.

straw fermentation (2020)

Sorghum Pulping/bleaching/ | Cellulose - South Andrade Alves

straw acetylation acetate America | et al. (2019)

Corn cobs | TCH/ES/ Ethanol 78% North Pedraza et al.

fermentation America | (2016)

Avocado TCH/fermentation | p-lactate 94% North Sierra-Ibarra

seed America |etal. (2021)

Softwood Co-pyrolysis with Aromatic 86% North Qian et al.

zeolite hydrocarbons America | (2021)

(continued)
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Table 3.1 (continued)

Agro-
industrial Yield/
waste Conversion process | Product Titer Region | Reference
Aspen TCH/fermentation | Fuel ethanol 94% North Lawford and
America | Rousseau
(1991)
Oak TCH/fermentation | Fuel ethanol 72% Asia Nigam (2001)
Eucalyptus | Aqueous two-phase | Antioxidant 1.89 mg/ | Europe | Xavier et al.
extraction phenolics 100 (2017)
Mgwood
Eucalyptus | TCH/fermentation | Xylitol 26% South Villarreal et al.
America | (2006)
Eucalyptus | ES Caffeic acid 233 mg/L | Asia Kawaguchi
kraft pulp et al. (2017)
Cedar Alkaline copper Vanillin 8.5% Asia Qu et al. (2017)
oxide—peroxide
reaction
Pine Oxidation Vanillin 6.8% Europe | Mathias and
Rodrigues
(1995)

TCH thermochemical hydrolysis, TH thermal hydrolysis, ES enzymatic saccharification

Straw crops include corn, rice, barley, oat, sorghum, wheat, and other grains.
However, the straw wastes consist of the remaining dry stalk of the cereal plants after
the extraction and removal of grains (Santulli 2017). Straw wastes are abundant
since they constitute approximately half of the total biomass of the harvested grains.
For example, 1661 million tons, 975 million tons, and 529 million tons of corns
stover/cobs, rice straw, and wheat straw, respectively, are annually produced world-
wide (Smil 1999; Agwa et al. 2020; Tan et al. 2021). The lignocellulosic content of
straw biomass is divided into 32-47% cellulose, 19-27% hemicellulose, 5-24%
lignin, and 13-20% ashes (Zaky et al. 2008; Palvasha et al. 2021). The relatively
high amount of ashes may be a major drawback for some biotechnological trans-
formations as it decreases the efficiency of thermochemical pretreatment and enzy-
matic saccharification (Huang et al. 2017). However, the integration of pre-washing
steps has improved the global processing efficiency (Singhal et al. 2021). Other
processes where straw wastes are widely used to avoid the effect of high ash content
include power generation, biogases production, composites, and usage as supporting
or filtering materials (Table 3.1).

Forestry wastes are widely used in biorefineries across the North Hemisphere
since they are one of the most available agricultural wastes in this region (Galbe and
Zacchi 2002). Several studies have recently reported their use around the world.
Widespread in most regions are wastes from woods such as oak, aspen, eucalyptus,
poplar, teak, pine, cypress, spruce, and cedar, commonly used to produce different
value-added products (Table 3.1). Another important fraction of woods is bark,
commonly used as solid fuel but with interesting and recently reported content of



52 M. M. Maroneze et al.

bioactive and antioxidant components (Vangeel et al. 2021). Wood from timber can
be divided in two main groups: hardwoods and softwoods. Hardwoods are produced
by angiosperm trees, comprising of complex structures and vessels (Wilson and
White 1986). Hardwoods are used for a large range of applications that include
furniture making, musical instruments, boat building, fine constructions, barrels, and
manufacture of charcoal (Merkle and Nairn 2005). Softwoods are woods from
gymnosperm trees commonly used in the construction industry and paper pulp
(Khana and Ahring 2019). The chemical composition of soft and hardwoods
depends on the species, age, and growing conditions. However, the respective
average composition of softwoods and hardwoods is 43-45% and 40-55% cellulose,
20-23% and 13-40% hemicellulose, and 28% and 18-25% lignin (Galbe and Zacchi
2002; Dziekoriska-Kubczak et al. 2018). Despite the high polysaccharides content
that makes timber wastes attractive for fermentation, the high content of lignin-
derived phenolic compounds is the main constraint for the biotransformation of these
materials as they are toxic for various microorganisms and inhibit saccharification
enzymes (Clark and Mackie 1984; Martinez et al. 2000; Palmqvist and Hahn-
Hiagerdal 2000; Kumar et al. 2012). However, this constraint can be turned into
benefits to produce other high-value aromatic chemicals such as lignosulphonates,
vanillin, and antioxidants (Table 3.1).

3.3.2 Municipal Solid Waste

The escalating population growth has increased the consumption of energy and
goods, generating more than two billion tons of municipal solid wastes globally,
being India, the USA, and China the major producers (Waste Atlas 2018). Unfortu-
nately, 33% of these residues collection or recycling are not effectively managed
(Nanda and Berruti 2021). Municipal solid wastes (MSW) comprise residues from
households, offices, educational institutions, and commercial enterprises, and they
vary according to the region and income (Funk et al. 2013). However, a general
classification organizes them into recyclables, compostable organic matter, toxic
substances, and solid wastes (Millati et al. 2019). The MSW treatment includes
landfilling, composting, waste-to-energy conversion, recycling, and incineration
(Rao et al. 2017). Of these management strategies, only the transformation of
MSW into energy is applied to the biorefinery context. The energy is produced
from biohydrogen or methane through the organic fraction of MSW, composed
predominantly of food wastes, minor quantities of office paper, yard wastes, and
corrugated newspapers (Ghosh et al. 2020). The high variability of organic MSW
and the reluctance of people to separate their wastes are the major challenges facing
biogas production (Appels et al. 2011). A more detailed review of value-added
products synthesis from food wastes is presented below.
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3.3.3 Food Waste

The Food and Agriculture Organization of the United Nations (FAO) defined food
waste (FW) as food and inedible parts removed from the human food supply chain in
the following sectors: food products manufacturing, food/grocery retail, food ser-
vice, and households (FAO 2011). The organization estimated that one-third
(approximately 1300 million tons) of food produced for human consumption is lost
or wasted every year, generally dumped or incinerated with municipal solid waste
(Xu et al. 2018). These wastes are characterized by high moisture content that
generates dioxins from incineration, whereas dumping in open areas is associated
with huge social, environmental, and economic problems.

The FW composition presents a high energetic value, consisting mainly of
30-60% carbohydrates, 5-20% proteins, 10—40% lipids (w/w), and traces of inor-
ganic compounds (Kwan et al. 2016; Dhiman and Mukherjee 2021). However, the
composition varies by source. For example, animal-based wastes are rich in lipids
and proteins, whereas plant-based wastes are full of starch and carbohydrates
(Ravindran and Jaiswal 2016). The characteristics associated with their homogeneity
make these residues excellent candidates in waste biorefinery as they can be
converted into a spectrum of biofuels, bio-commodity chemicals, and bio-based
materials (Battista et al. 2020; Tsegaye et al. 2021). Table 3.2. presents the process
and waste origin of some of these products.

The food manufacturing industries, commercial and households kitchens, and
agricultural waste are the major sources of FW. Among the food processing indus-
tries, those with the greatest impact are the fruits processing industry as well as
vegetables, cereals, meat, dairy, poultry and eggs, seafood, and aquatic products
industries. However, approximately 85% of overall FW originate from plant-based
products, and only 15% are from animal products chains (Li and Yang 2016).

Plant-based wastes from the food industry are particularly interesting for the
renewable energy sector, as it is mainly of a lignocellulosic nature, with high
cellulose and lignin content (Ravindran and Jaiswal 2016). These wastes include
fruit and vegetable residues (peelings, stems, seeds, shells, and pulp), cereal residues
(mainly paddy, wheat, and corn), starch, and sugar. Since this waste is easily
obtained with high yield, the production of ethanol through fermentation with
Saccharomyces cerevisiae is the most common approach for FW valorization.
However, many bioproducts can be recovered through different approaches, such
as biohydrogen from dark fermentation (Yun et al. 2018), bioplastics and enzymes
from fermentation (Tsang et al. 2019), biogas from anaerobic digestion (Xu et al.
2018), and high-value products (e.g., carotenoids, phenolic compounds,
nanoparticles, and pectin) from different extraction methods (Ravindran and Jaiswal
2016). As these wastes are mostly made up of complex carbohydrates, a biological
hydrolysis processing method is always required. The processing is achieved using
acids or alkali. However, substances released may inhibit biological conversion.
Thus, enzymatic hydrolysis is the preferred method. In addition to the biological
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Table 3.2 Bioproducts from food waste using different conversion methods

M. M. Maroneze et al.

Production/

Food waste Process type Product Yield Reference

Tomato Pyrolysis Insecticidal 37.8% Céceres et al.

residue bio-oil (2015)

Mango seed Pyrolysis Bio-oil 28-38% Lazzari et al.
(2016)

Carrot discard | Fermentation Bioethanol 11.98 g/L Clementz et al.

juices (2019)

Vegetable Fermentation Bioethanol 251.85 mg/g | Chatterjee and

wastes Mohan (2021)

Kitchen waste | Immobilized lactate Bioethanol 30 g/L Ma et al. (2014)

oxidase/Fermentation

Beer fermen- | Fermentation Bioethanol 102.5 g/L Khattak et al.

tation waste (2013)

Bakery/mixed | Fermentation Lactic acid 230-270 mg/ | Kwanetal. (2016)

waste g

Shrimp waste | Solvent extraction Astaxanthin 0.284 mg/g Dave et al. (2020)

Dairy Microalgae culture Single-cell oil | 0.8 g/LL Ummalyma and

wastewater Sukumaran
(2014)

Bakery Microalgae culture C-Phycocyanin |22 mg/g Sloth et al. (2017)

hydrolyzed

waste

Catshark Fermentation Hyaluronic 2.26 g/lL Vézquez et al.

viscera acid (2015)

Shrimp waste | Alkali-acid treatment Chitin, 510; 410 mg/ | Khanafari et al.

chitosan g (2008)
Fish skin Solvent extraction Acid soluble 25-45% Bhuimbar et al.
collagen (2019)

Shrimp waste | Solvent extraction Astaxanthin 0.0406 mg/g | Sachindra et al.
(2007)

Fish waste Pyrolysis Bio-oil 57.1% Fadhil et al.
(2017)

conversions, FW hydrolysates are also an option for growing medium for
microalgae, useful in producing a wide range of bioproducts (Kiran et al. 2017).
Animal-based food wastes are from meat, poultry, seafood, and dairy industries.
The meat processing industry mainly generates wastes such as horns, hooves, bones,
contents of the gastrointestinal tract, hair, and deboning waste (Jayathilakan et al.
2012). In addition, slaughterhouse wastewater contains a high organic load and
polluting potential, as it is made up of protein, animal fat, blood, and detergent
residues (Maroneze et al. 2014). The seafood industry generates an important source
of relevant biomaterials in their wastes, which generally includes viscera, shrimp
shells, crab shells, skins, prawn waste, and fish scales (Sharma et al. 2020). Dairy
residues consist of complex organic milk constituents, such as fat, casein, lactose,
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inorganic salts, detergent, and sanitizer residues (Dongre et al. 2020). Residues from
the vegetal origin and those of animal origin also present a vast exploitation
potential. Any of these sources can be converted into heat, power, or bio-fertilizer
through anaerobic digestion. Lactic acid fermentation is used to process meat and
poultry waste that produces lactic acid and lactic acid bacteria, which has been
applied as probiotic supplements (Ashayerizadeh et al. 2017). Dairy and slaughter-
house wastewater are excellent culture media for microalgae-based processes owing
to their high nutritional composition and the absence of inhibitor compounds
(Maroneze et al. 2014; Queiroz et al. 2018). The seafood waste is an excellent
source of different products and molecules through chemical and biological
processing of protein, enzymes, glycosaminoglycans, chitin, astaxanthin, hyaluronic
acid, and marine peptones (Vazquez et al. 2013; Sharma et al. 2020).

Besides the potentialities, the lack of techno-economic evaluation of FW data in
biorefineries is a challenge. Moreover, the inconsistency in the composition and
structural complexity of these feedstocks also make it difficult to use them. Several
variables, including the location where the FW was produced, time of picking, and
diversified food habits of different cultures, are some of the major factors that
significantly affect the composition of the waste (Karmee 2016). Although FW is
a zero-value resource, the costs related to collection and transport are a bottleneck
that must be considered (Dhiman and Mukherjee 2021).

3.3.4 Oil-Based Wastes

Oil-based waste biorefineries are one of the main refineries, with some liquid fuels
such as biodiesel and bio-jet fuel being the main energy added value products
(Becerra-Ruiz et al. 2019). Currently, biodiesel production is carried out using
feedstocks such as edible vegetable oils (edible feedstocks), non-edible vegetable
oils, single-cell oils (microbial lipids), waste cooking oils (WCOs), and waste animal
fats (WAFs) from non-edible feedstocks (Adewale et al. 2015). Unlike edible
vegetable oils, from which approximately 95% of this biofuel is obtained, WCOs
and WAFs contribute to 10% and 6% of biodiesel production, respectively (Mathew
et al. 2021). However, the processing of edible and non-edible vegetable oils
is restricted in some countries as some of them are considered food products
intended for human consumption and for the limited availability of arable land
(Pinzi et al. 2014). As the processing of WCOs and WAFs has become relevant
for the biofuels production and the pollutants expelled into the environment mitiga-
tion, economic and environmental strategies are required to address the problems
associated with global renewable energies (Chen et al. 2021).

The sources of WCOs are from fried foods prepared in the food segment
(restaurants, households, hotels, etc.), where edible oils (e.g., soybean, canola,
corn, olive, and others) and some animal fats (mainly leaf lard) are used for deep
immersion cooking (Chen et al. 2021; Singh et al. 2021). As many countries do not
have suitable policies for disposing of oily liquid waste, cooking waste oils produced
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can massively contribute to the pollution of water resources (Gui et al. 2008; Moecke
et al. 2016; Singh et al. 2021). WCOs obtained directly from cooking edible food
and oil are classified as yellow grease and characterized by a free fatty acid (FFA)
content of 8—15% (w/w). However, the WCOs obtained from grease traps processed
in sewage facilities to separate grease and oil from wastewater are classified as
brown grease and have an FFA content greater than 15% (Adewale et al. 2015; Pinzi
et al. 2014; Talebian-Kiakalaieh et al. 2013). In 2019-2020, approximate consump-
tion of edible oils reached 191.71 million tons, in which WCOs production was
estimated to reach 57.51 million tons (~30% yield) (Jiang and Zhang 2016; Singh
et al. 2021). In green fuel production, waste cooking oils are a possible substitute to
other feedstocks owing to their low manufacturing cost compared to conventional
edible vegetable oils (2.5-3.5 times lower) (Nanda et al. 2019; Rezania et al. 2019).
Different methods are used to produce biodiesel from residual cooking oil, which
includes base or acid transesterification (homogeneous, heterogeneous, and enzy-
matic catalysis), dilution or blending, micro-emulsification, thermal cracking, or
pyrolysis, among others. However, due to the high free fatty acids (FFAs) and
water content, this waste cannot be used directly, a pretreatment process should be
performed, which consequently affects the overall processing costs (Rezania et al.
2019; Singh et al. 2021; Yusuf et al. 2011).

WAFs are obtained as end products from tanneries, slaughterhouses, and meat
processing units, serving as a potential cheap feedstock for biodiesel production. In
industrial biodiesel production, the most used WAFs are tallow (veal and beef), lard,
chicken fat, and fish oil (Adewale et al. 2015; Pinzi et al. 2014; Sander et al. 2018).
Animal fats comprise chemical structures similar to vegetable oils, but with a
different distribution of fatty acids and an FFAs content ranging from 10 to 25%.
This has been one of the main limitations of biofuel production (0.5% w/w FFAs
admitted content), and it is an essential parameter in the viability of the biodiesel
production process (Alajmi et al. 2018; Bianchi et al. 2010; Veljkovic et al. 2021).
Another technical drawback of using WFAs as feedstock is the high cloud point that
limits its use in areas where temperatures do not fall below 4 °C (Bagheri 2017).
Despite the above limitations, WAFs have low unsaturated fatty acids, offering
several advantages, such as high calorific value, high cetane number, and high
oxidation stability (Adewale et al. 2015). In addition, biodiesel production using
WAFs as feedstock is the most economical option (USD 0.4—0.5/L) compared to the
traditional vegetable oil transesterification (USD 0.6-0.8/L) (Demirbas 2009).

3.3.5 Sewage Sludge

Sewage sludge is an inevitable by-product of the wastewater treatment released from
various sources such as houses, industries, medical facilities, street runoff, and
businesses (Harrison et al. 2006). Along with the growing world population, indus-
try, and agriculture, the quantity of sewage sludge increases yearly and presents a
major ongoing disposal challenge for water management authorities globally. Lack
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Fig. 3.4 Schematic of the wastewater treatment process and typical composition of sewage sludge
(on dry basis). References: Thipkhunthod et al. (2006); Banerjee et al. (2020); Naqvi et al. (2021)

of waste generating data, treatment policies, and use policies of this waste further
aggravates its sustainable management. According to Gao et al. (2020), the global
sewage sludge production rate was recorded as 45 dry MT per year in 2017.

Sewage sludge contains many harmful elements, such as heavy metals,
non-biodegradable organic compounds, pathogens, and dioxins (Zhang et al.
2020). They may also contain chromium, lead, copper, nickel, and other metals of
approximate concentrations of between 0.1% w/w and 0.3% w/w (Agrafioti et al.
2013). Inadequate disposal facilities of these wastes cause serious environmental
problems and, consequently, affect human health. The treatment and management of
sewage sludge comprise approximately 50% of the wastewater treatment cost and
40% of greenhouse gas emissions (Banerjee et al. 2020). Nevertheless, sewage
sludge is biomass rich in organic carbon, nitrogen, phosphorus, and inorganic
compounds such as silicates and aluminates, in addition to having a high calorific
value and a good volatile content. Thus, a promising and alternative way to manage
sewage sludge is to use the waste as feedstock using a biorefinery approach
(Villalobos-Delgado et al. 2021).

The origin of the wastewater defines the characteristics of the final sewage sludge.
Furthermore, the processing stage in which the sludge was removed (primary,
secondary, and tertiary) also influences its composition. Figure 3.4 presents a
schematic basic wastewater treatment process with a typical composition of pro-
duced mixed sewage sludge.

In primary treatment, suspended solids and scum are removed in sedimentation
tanks. After this process, the primary sludge will consist of debris, bulk material, and
sand. The secondary treatment aims to reduce the biodegradable material, carried out
through a biological process, such as activated sludge, moving bed biofilm reactor,
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sequencing batch reactor, upflow anaerobic sludge blanket, and stabilization ponds.
The solid residue originated from this step is mainly composed of extracellular
polymers, organic pollutants, heavy metals, nutrients, and microbial assemblages
(Banerjee et al. 2020). The tertiary treatment or advanced stage is applied when high-
quality waste is required, involving the chemical removal of dissolved nutrients,
mainly nitrogen and phosphorus. The sludge collected in this step presents a high
concentration of nutrients like NOs, POy, and SOy, in addition to heavy metals in
many cases (Demirbas et al. 2017). Finally, the mixed sewage sludge consists of a
mixture of organic, inorganic materials, and moisture (Naqvi et al. 2021).

Due to its composition, the main disposal routes for this waste include land
applications such as fertilizer. However, direct use in agriculture is controversial
due to the presence of heavy metals, pathogens, and micropollutants, which can
aggregate the food chain (Herzel et al. 2016). Fortunately, different conversion
methods have been proposed to convert sewage sludge into energy and chemicals,
which include thermochemical and biochemical processes or a combination of the
two platforms. According to Werle and Dudziak (2019) and Nagqvi et al. (2021), the
thermochemical conversion of sewage sludge (incineration, gasification, and pyrol-
ysis) appears to be the most promising alternative for its management and energy
production in the future. This is due to the significant volume (up to 90%) reduction,
mass (up to 70%) reduction, and the sterility of the final by-product (Ducoli et al.
2021).

Sewage sludge incineration is the most practiced thermal technology with the
ability to recover energy and residual ash. The ash is rich in CaO,, SiO,, Fe,03, and
Al,O3 and can be disposed into landfills or can be used as a raw material substitute in
cement industries (Ducoli et al. 2021). Moreover, the recovered heat can be used for
drying raw sewage sludge in other biorefining processing. However, it is a source of
harmful emissions of toxic compounds, in addition to being a costly alternative
(Banerjee et al. 2020).

The gasification process is an alternative to using sewage sludge as a raw material
for biorefineries. As this is a reducing process, it eliminates the problem of emitting
gaseous contaminants to the atmosphere, unlike incineration. The main products
from gasification are synthesis gas, a hydrocarbon-rich combustible gas suitable for
burning and generating energy. Another by-product is the biochar, a carbon-rich
solid material, that can be used for catalyst, adsorbent, or nutrients recovery.
However, due to the excessive moisture and ash content of sewage sludge, the
quality of gasification products is low. Thus, gas cleaning and high energy con-
sumption are the main bottlenecks to overcome. A viable option is to combine
energy production with phosphorus recovery (Werle and Dudziak 2019).

Pyrolysis of the sewage sludge produces liquid bio-oil, combustible gases, fixed
carbon, ash, and water vapor. Pyrolysis is considered a favorable sludge manage-
ment option, since it converts this feedstock into liquid bio-oil, combustible gases,
and biochar, with low emission of pollutants, in addition to demanding cheaper
equipment (Gao et al. 2020; Vali et al. 2021). The bio-oil produced in a yield is in the
range of 51-80 wt%, comprising of a complex mixture of water, organic com-
pounds, and other components that can be used as biofuel and chemicals, including
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fertilizers, resins, and light aromatics (Djandja et al. 2020). This solid product (yield
between 35 and 80 wt%) has a high potential to be applied as an adsorbent of
pollutants such as H,S or NOx in gaseous streams or as a reducer in metallurgical
processes or as a fuel to maintain the process (Fonts et al. 2012).

In summary, despite having high moisture, ash, and heavy metal content, sewage
sludge is a promising feedstock for energy and chemical recovery, especially if we
consider that the feedstock becomes a zero-waste material. However, it requires
preliminary dewatering to decrease the liquidity of the feedstock to up to ~20% and
increase its organic matter concentration, which significantly increases the costs of
these processes. Even so, Shahbeig and Nosrati (2020) showed that sewage sludge
was economically feasible to produce bioenergy from municipal sewage sludge
pyrolysis. However, the lack of technical-economic information in the literature is
another challenge related to sewage sludge biorefining.

3.4 Concluding Remarks

It was clearly demonstrated that there are a wide range of waste feedstocks that offer
exploration potential to produce a large spectrum of by-products, especially
bioenergy. This is a very interesting outlook for biorefineries, given that a portfolio
of products amplifies economic viability and confers adaptability to a process.
However, there are several key points of technical and economic difficulty that
must be addressed and dealt with in order to consolidate such bioprocesses.

The high cost, necessity of pretreatment in most cases, and current low oil prices
limit the industrial application of wastes as a biorefinery feedstock. Nevertheless, it
is crucial to consider that these processes not only increase additional value to the
waste but also solve environmental problems. Thus, to make the valorization of these
resources commercially viable, it is important to conduct additional R & D in this
domain, in addition to support from government agencies, through investments,
subsidies, tax credit, etc.

This chapter demonstrated that each residue has its benefits, limitations, specific-
ities, and possibilities. Thus, choosing the appropriate feedstock is challenging as it
depends on demand, availability of resources, and geographic position, among
others. Thus, for the viable development of a waste-based process, we recommend
conducting a careful analysis based on the information presented and the processing
requirements.
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Chapter 4 )
Emerging Pretreatment Technologies s
Applied to Waste Biorefinery

Bahiru Tsegaye, Swarna Jaiswal, and Amit K. Jaiswal

Abstract The increasing amount of waste generation along with population growth
poses a great challenge and risk for the environment. In many countries, wastes are
disposed of in landfill mode and/or incinerated, which contributes to additional air
pollution and other environmental problems. Therefore, eco-friendly, cost-effective,
and green technologies are required to dispose of and utilize the bulk waste gener-
ated every year. This helps toward the achievements of the zero-waste goal or
circular economy goal set by some regional powers like the European Union.
Many scholars attempted toward this goal by converting waste into energy and
other value-added products. This chapter aims to present the current state of the art of
waste-based biorefinery and to present the potential and prospects of waste
biorefinery. These emerging processes are important alternatives for converting
waste into fuels, chemicals, and other bio-based materials.

4.1 Introduction

According to United Nations (UN) projection, the world population is expected to
reach 9.4 billion by 2050 of which 70% of them are living in cities (United Nations
2014). The continued concentration of population in urban areas is posing huge
challenges for providing food and energy as well as managing the bulk waste
generated annually (Lehmann 2011; Satchatippavarn et al. 2015). Today the global
energy system is dominated by fossil fuel which roughly accounts for 85% of energy
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consumption in 2020. However, the need to address the adverse environmental
consequences and sustainability issues is driving many countries and regional
powers to shift into the circular economy. According to European Commission
(EC), the circular economy is targeted in maintaining the values of products,
materials, and resources into the product cycle by minimizing waste generation
(Spatial, Foresight; SWECO; OIR; t33; Nordregio; Berman, 2017). In the circular
economy, zero-waste generation, reusing, and recycling as well as ensuring the
sustainability of supply are the core concepts. In this context, waste conversion to
energy by applying the concept of the biorefinery is a crucial tool to achieve the
target of renewable energy goal as well as decarbonization of the energy system.

Waste generation is directly linked to population growth and the level of eco-
nomic growth. Food waste (FW), agricultural waste (AW), industrial waste (IW),
and municipal waste (MW) are among the most common type of wastes generated
every day. According to Food and Agricultural Organization report, 14% of food
produced was lost in the postharvest stage alone and 1/3 of total food production was
wasted annually (Food and Agricultural Organization (FAO), 2019). The monetary
value of food waste was estimated to be United States Dollar ($) 936 billion annually
without accounting for the environmental and societal cost (FAO 2014). In EU
alone, the monetary value of FOOD WASTE is estimated at Euro (€) 146 billion
based on 173 Kilogram (kg) per capital loss (Asa et al. 2016; Tonini et al. 2018). The
generation of bulk quantities of waste is a major concern and proper utilization will
reduce the environmental pressure as well as advances in economic developments
(Dahiya et al. 2018). Recycling of municipal waste alone has been estimated to
generate $410 billion; however, only one-fourth of the waste is recovered and
recycled (Guerrero et al. 2013; Zakir Hossain et al. 2014). Therefore, applying the
concept of biorefinery for the proper valorization of the bulk waste into biofuels and
other high-value chemicals will contribute to the advancement of the circular
economy. However, the diverse type and composition of the waste hinder the
effectiveness and efficiency of conversions of waste to energy and other platform
chemicals.

Various pretreatment and processing methods are used for waste biomass con-
version to value-added chemicals and bio-based materials. Among them are ther-
mochemical conversion, biological conversion (Tsegaye et al. 2018a, b, 2019a),
alkali pretreatment (Tsegaye et al. 2019b, c), acid pretreatments (Solarte-Toro et al.
2019), microwave pretreatment (Binod et al. 2012; Tsegaye et al. 2019d), hydro-
thermal liquefaction (Cantero-Tubilla et al. 2018; Dimitriadis and Bezergianni
2017), ultrasound pretreatments (Hassan et al. 2018), organosolv pretreatments
(Tsegaye et al. 2020a, 2020b; Zhao et al. 2009), and combination of the pretreat-
ments (Dimitriadis and Bezergianni 2017; Tsegaye et al. 2019d, 2020a, b) are among
the pretreatment methods developed for biomass conversion to advanced fuels.
Generally, all the approaches are currently lacking breakthroughs in goals to achieve
for cost-effective, eco-friendly, and commercial-scale production due to their limited
products produced. Therefore, the integrated biorefinery approach is the best alter-
native to achieve the sustainable development goal.
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The generation of energy and other high-value chemicals by applying the concept
of biorefinery on waste materials is a decisive approach to solve the issues of
sustainability and climate change (Dahiya et al. 2018). Integrations and cascading
are at the core of the circular economy. Various types of waste origins can be used as
a substrate through the integration of processes and products in the biorefinery
systems to produce advanced biofuels and other bio-based chemicals and materials.
Many scholars have been applied biorefinery on food waste (Battista et al. 2020;
Patel et al. 2019), spent coffee grounds (Zabaniotou and Kamaterou 2019), organic
waste (Moretto et al. 2020), integration of anaerobic waste and microalgae (Chen
et al. 2018) to produce biofuels and other high-value chemicals and materials. The
application of the biorefinery approach is limited to food waste and sewage sludge
(SS) for the production of biofuels, biogas, and compost excluding other platform
chemicals and bio-based materials (Nghiem et al. 2017). The potential of production
of hydrogen, methane, ethanol, volatile fatty acids, biopolymer, bioplastic,
polyhydroxyalkanoate, and other specialty chemicals is not well-reviewed. This
chapter presents the current state of the art applied to waste biorefineries for the
production of advanced biofuels, chemicals, and other bio-based materials.

4.2 Waste Generations and Waste Biorefineries

Waste is described as unwanted and useless materials arising from human and
animal activities. Waste can be classified based on material nature such as glass,
plastic, metal, paper, and organic waste. According to the World Bank report of
2019, 2.01 billion tons of waste was generated from cities across the world in 2016
(Kaza et al. 2018). The world average waste generation is 0.74 kg/person/day while
it ranges from 0.11 to 4.54 kg/person/day (Kaza et al. 2018). The high-income
countries that account for 16% of the world population generate 34% (683 million
tons) of the world’s total waste generation. The percentage of waste generated by
region is given in Table 4.1.

East Asia and the Pacific region lead in the total amount of waste generation by
region that accounts for 23% of the global waste generated. The detailed total

Table 4.1 The shares of waste generated by regions throughout the globe annually

Serial number Region Percentage of waste generated (%)
1 Middle East and North Africa 6

2 Sub Saharan Africa 9

3 Latin America and the Caribbean 11

4 North America 14

5 South Asia 17

6 Europe and Central Asia 20

7 East Asia and Pacific 23

Source: Kaza Silpa et al. (2018)
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Fig. 4.1 The total amount of waste generated by region (millions of tons/year)

Table 4.2 The current and future scenario of waste generation rate per capita by region

The regional average waste generation rate
(Kg/capital/day)

Serial number | Region 2016 | 2030 (projected) |2050 (projected)

1 Middle East and North Africa 0.81 |0.90 1.06

2 Sub Saharan Africa 0.46 |0.50 0.63

3 Latin America and the Caribbean |0.99 |1.11 1.30

4 North America 221 |2.37 2.50

5 South Asia 0.52 |0.62 0.79

6 Europe and Central Asia 1.18 |1.30 1.45

7 East Asia and Pacific 0.56 |0.68 0.81

Source: Kaza et al. (2018)

amount of waste generated by region is shown in Fig. 4.1. The amount of waste
generated is predicted to increase with the increasing world population. It was
anticipated that 3.40 billion tons of waste will be generated by 2050. The
low-income countries are expected to generate more than three times the current
waste generation rate (Kaza et al. 2018). The current and future scenario of the
average regional waste generation rate per capita by region is shown in Table 4.2.

The waste generation rate is positively correlated with the level of economy and
quality of life. As the level of economy and quality of life increases, the amount of
waste generated per person increases and vice versa. Cities and more tourist desti-
nation countries are also uniquely experiencing higher waste generation rates than
the regional average. The current and anticipated waste generation by region is
shown in Fig. 4.2 (Kaza et al. 2018). Therefore, a strong focus should have to be
taken on how to properly utilize the enormous amount of waste generated.
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The demands for energy, food, and material are significantly increasing with the
growing world population that directly contributes to the enormous amount of waste
generations (Venkata Mohan et al. 2016). The increasing amount of waste genera-
tion across cities in the world posed a serious concern of waste management and
related environmental impacts. Traditionally, waste has been controlled in varieties
of ways in the world from well-designed sanitary landfills to open-air dumping and
burning (Kaza et al. 2018). However, the increasing amount of waste generation
along with increasing populations make it difficult to follow the traditional ways of
waste management. Therefore, shifting from the linear path of raw material utiliza-
tion to a circular path (closing up the loop) may solve the global concern of waste
management and climate issues.

Energy recovery from waste biomass ensures sustainable consumption and pro-
duction which is in the framework of the circular economy that solves the issue of
climate change and waste management. The application of the biorefinery approach
fosters and realizes the “closing the loop” strategy for economic and environmental
benefit (Maina et al. 2017). Waste biorefineries are established on three main
processes:

1. The thermochemical processes include gasification, liquefaction, pyrolysis (fast,
slow, and flash pyrolysis), torrefaction, carbonization, and incineration
(combustion).

2. The physicochemical process includes the use of chemicals such as
transesterifications.
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. Biochemical processes include the use of biological agents to convert biomass

into bio-products, biofuels, and biomaterials. It includes fermentation, microbial
and enzymatic hydrolysis, biodelignifications, anaerobic digestion.

Each biorefinery process can produce a product based on the type and content of

the biomass or feedstock (Venkata Mohan et al. 2016). Therefore, an integrated
approach of the biorefinery concept must be employed to convert the bulk waste into
chemicals, biofuels, biomaterials, and other bio-based products.

4.3 Biorefinery System Classifications

Generally, four main features are considered to classify biorefinery systems. These
features are:

1.

Platforms: this type of classification depends on the types of intermediates
produced starting from the raw material processing to the final product produc-
tion. The most common intermediates are biogas from anaerobic digestion,
pyrolysis oil from pyrolysis, syngas from gasification, hydrogen from steam
reforming, water-gas shift fermentation, and water electrolysis, lignin from lig-
nocellulosic biomass, carbon 5 and 6 sugar from hydrolysis of starch, cellulose,
and hemicellulose.

. Products: this type of classification depends on the types of final products

produced. It is further divided into two subgroups: energy-driven biorefinery
system (where the products are power, biofuels, and heat) and material-driven
biorefinery system where the products are mainly bio-based materials.

. Feedstock: the classification is based on the type of feedstock used in the

biorefinery system; based on this classification system, the biorefinery system
can be classified as dedicated energy crops feedstock (which includes cereals,
marine biomass, and grasses) and residues which includes agricultural residues,
organic residues, and lignocellulosic residues.

. Processes: this classification depends on the pathway followed to produce the

final product; according to this classification, the biorefinery system can further
be categorized into four categories:

A. The physical/mechanical process includes separation, pressing, distillation,
milling, grinding, etc.

B. The biochemical process; this pathway includes the application of enzymes or
microorganisms for transforming the biomass.

C. The chemical process includes pulping, hydrolysis, hydrogenation, oxidation,
transesterification, and.

D. The thermochemical process includes the application of high temperature and
pressure with or without using a catalyst. This process includes pyrolysis
(slow, fast, and flash), gasification, and liquefaction (hydrothermal liquefac-
tion, plasma liquefaction, and solvent liquefaction).
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4.4 Pretreatment Technologies Applied for Waste Biomass

The pretreatment step is the most vital step for depolymerization of waste biomass
into their respective components to produce lower molecular weight chemicals and
advanced fuels. Many common pretreatment methods such as alkali pretreatment,
acid pretreatment, ammonia fiber expansion (AFEX), thermochemical pretreatment,
liquid hot water (LHW), biological pretreatments, ultrasonic pretreatment, plasma-
enabled liquefaction, ionic liquid pretreatment, etc., have been developed for con-
version of lignocellulose biomass into biofuels and other value-added chemicals
(Chen et al. 2018; Ong and Wu 2020; Siqueira et al. 2020; Sirohi et al. 2020;
Tsegaye et al. 2020a; Zhu et al. 2020). Most of the methods are under laboratory or
pilot scale and breakthroughs are required for successful commercialization. All the
pretreatment approaches have their advantage and side effect. The comparative
advantage and disadvantages of the common pretreatment methods are given in
Table 4.3. Therefore, an integrated approach to processing and production must be
followed to overcome the existing problems.

4.5 Emerging/Advanced Pretreatment Technologies
Applied to Waste Biorefinery

The biomass pretreatment step has been known as the heart of the depolymerization
process and a technological bottleneck for the commercialization of lignocellulose
biomass and/or waste-based products. To overcome these challenges, a biorefinery
concept was introduced for efficient utilization and conversion of waste to advanced
fuels, chemicals, and bio-based materials. The biorefinery concept is the integration
of biomass conversion processes for the production of multiple products to over-
come the cost and technological barriers. According to International Energy Agency
(IEA) biorefinery is defined as “the sustainable processing of biomass into a spec-
trum of marketable products and energy” (IEA bioenergy task 42). The application
of the concept is showing promising results and has great potential to efficiently
convert the bulk waste generated every year. Therefore, the adoption of the concept
will solve the issues associated with bulk waste generation and related environmen-
tal and health issues.

Hydrothermal liquefaction, plasma liquefaction, pyrolysis, gasification, applica-
tions of green/organic solvents, microwave heating for waste biorefinery, ionic
liquids, ultrasound pretreatments, electron beam, gamma-ray, deep-eutectic solvents
are among the emerging biorefinery processes used to produce bio-crude (bio-oil).
However, the bio-crude needs to be refined and/or co-refined with petroleum to
produce fuel and other chemicals (Djandja et al. 2020; Saber et al. 2016).
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Table 4.3 Comparison of common pretreatment methods
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Pretreatment
Method Effects Advantage Disadvantage References
Mechanical Reduce the parti- | Control of final parti- | High energy Maurya
milling cle size and crys- | cle size, make han- consumption et al.
tallinity of dling of material easy (2015)
lignocellulosic
materials
Acid Hemicellulose Enzymatic hydrolysis | High cost of the reac- | Jonsson
and lignin is sometimes not tors, chemicals are and Martin
fractionation required as the acid corrosive and toxic, (2016)
itself may hydrolyze | and formation of
the biomass to yield inhibitory
fermentable sugars by-products
Alkaline Lignin and This leads to less Generation of Zhang
hemicelluloses sugar degradation inhibitors et al.
removal than acid pretreatment (2016)
Organic Lignin removal Produce low residual | High capital invest- Nitsos and
solvent and hemicellu- lignin substrates that | ment, handling of Rova
lose fractionation | reduce unwanted harsh organic sol- (2017)
adsorption of vents, formation of
enzymes and allow inhibitors
their recycling and
reuse
Oxidation Removal of lig- | Lower production of | Cellulose is partly By Anyj
nin and by-products degraded, high cost Chandel
hemicelluloses et al.
(2013)
Ionic liquid Cellulose crys- Low vapor pressure Costly, the complex- | Yoo et al.
tallinity reduc- designer solvent, ity of synthesis and (2017)
tion and partial working under mild purification, toxicity,
hemicellulose reaction conditions poor biodegradabil-
and lignin ity, and inhibitory
removal effects on enzyme
activity
Liquid hot Removal of sol- | The residual lignin High water consump- | Zhuang
water uble lignin and put a negative effect | tion and energy input | et al.
hemicellulose on the subsequent (2016)
enzymatic hydrolysis
Ammonia Lignin removal High efficiency and It is much less effec- | Bajpai
fiber selectivity for reac- tive for softwood, (2016)
expansion tion with lignin cost of ammonia, and
its environmental
concerns

Source: Hassan et al. (2018)
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4.5.1 Hydrothermal Liquefaction

Hydrothermal liquefaction is a type of thermochemical conversion through which
lignocellulose biomasses are exposed to hot pressurized water for some time to
solubilize the biomass completely. It is classified into three major categories:

1. Hydrothermal carbonization (below 247 °C) is used to produce hydrochar.

2. Hydrothermal liquefaction (between 247 °C to 374 °C) is used to produce
bio-crude.

3. Hydrothermal gasification (above 374 °C) is used to produce synthetic fuel.

High carbon efficiencies are achieved during hydrothermal gasification due to the
lower carbon content of the water phase (Nallasivam et al. 2020). Upgrading or
modifying the bio-crude is required for using it in the fuel market (Djandja et al.
2020; Saber et al. 2016). Moreover, treating the aqueous by-product is also vital for
sustainable production. High bio-crude yield (50%—-60%) was observed in continu-
ous flow reactor systems of algae liquefaction (Elliott et al. 2015). However, the
processing and operating conditions are highly specific to the feedstock type and
contents used. Therefore, developing processing and operating conditions for each
biomass type and conducting techno-economic analysis are crucial for successful
commercialization.

4.5.2 Plasma Liquefaction

Plasma is the fourth state of matter. Plasma-enabled liquefaction is an eye-catching
and promising technology for lignocellulose biomass conversion (Levchenko et al.
2018; Liu et al. 2017; Mei et al. 2019). The process generates many high energy and
excited electrons at ambient conditions initiating the biomass to dissolve at a much
faster rate due to the formation and reaction of highly reactive species in the biomass.
The process is easily switched off and started instantaneously, which has a positive
advantage for commercial-scale production. Several studies have been studied for
the conversion of corn cob, rice straw, and sawdust (Liu et al. 2020; Mei et al. 2020),
wood (Sun et al. 2020), corn cob (Mei et al. 2020), algae (Tan et al. 2015). However,
all the studies are not focused on exploring the effects of feedstock contents, type,
and concentration of catalyst, and post bio-crude refining (upgrading of bio-crude).
Therefore, a biorefinery approach should have to be targeted to enhance the yield and
quality of bio-crude, optimize process parameters, study the effects of each param-
eter on the quality and yield of bio-crude, upgrade the bio-crude to transportation
fuels and feasibility study analysis should have to be done.
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4.5.3 Pyrolysis

Pyrolysis is one of the most promising thermochemical processes that are performed
under elevated temperatures in the absence of oxygen. The pyrolysis process leads to
changes in the physical state of the organic matter as well as the chemical compo-
sition. Multiple reactions (aromatization, dehydration, charring, depolymerization,
decarboxylations, and isomerization) are taking place in parallel and/or in series dur-
ing the pyrolysis process (Collard and Blin 2014). The process produces three kinds
of the product (liquid, char, and gases) depending on the reaction condition. The char
(biochar) is the solid phase product of pyrolysis and it contains aromatic compounds.
The liquid phase is commonly cold bio-oil or bio-crude and it contains phenols,
hydrocarbon chains (both aliphatic and aromatic), hydroxy acetyl aldehyde, water,
levoglucosan, and aldehydes. The gaseous phase contains diverse ranges of gases
such as syngas (hydrogen and carbon monoxide), carbon dioxide, methane, and
short hydrocarbon chain gases. The reaction and process condition of the pyrolysis
as well as the type of biomass used determines the percentage and compositions of
the products (Hu and Gholizadeh 2019). Pyrolysis is categorized into slow, fast, and
flash pyrolysis depending on the reaction temperature and residence time.

Slow Pyrolysis is accompanied at low temperature (300-700 °C), lower heating
rate (0.1-2 °C/sec), and longer residence time (30-60 min). The typical product
during slow pyrolysis consists of 35% wt of gas & biochar and 35% of bio-crude.
Moreover, the average elemental composition of the typical slow pyrolysis product
consists of 53-96% carbon, biochar yields of 30-90%, and higher heating values
(HHVs) of 20-36 MJ/kg depending on the biomass content and type (Ahmad et al.
2014; Demirbas 2004). Slow pyrolysis is favored for the production of higher
biochar yield. Therefore, applying slow pyrolysis on waste biomass enhances the
production of biochar.

Fast Pyrolysis is accompanied by a higher heating rate (10-200 °C) and a short
residence time (0.5-10 s) intended to produce bio-crude (bio-oil) and biogas. It
produces bio-oil yields between 50% and 70 wt %, 12%—15% biochar, and 13%—
25% gases (Demirbag and Arin 2002; Kan et al. 2016). The bio-crude is further
improved/refined to produce liquid fuels and other chemicals. Generally, fast or flash
pyrolysis is preferred for a high yield of bio-oil production. The core principle for the
fast pyrolysis is a very high heating rate usually between 10° °C and 10° °C at
moderate heating temperature between 450 °C and 650 °C, very short vapor
residence time, <2 s, the particle size of <2 mm and more importantly suppressing
the formation of secondary gases by rapidly quenching the pyrolysis gases (Balat
et al. 2009; Bridgwater 2012; Kan et al. 2016). To enhance the yield of bio-crude, the
biochar produced should have to be removed very rapidly (Isahak et al. 2012).

Flash Pyrolysis is operated between 400 °C and 1000 °C accompanied by a fast
heating rate (10°~10* °C) and a very short residence time (0.1 s—0.5 s). The main
product of flash pyrolysis is a higher yield of bio-oil, 75%—-80% (Amutio et al. 2012;
Demirbag and Arin 2002; Jahirul et al. 2012) and 12%-13% biochar (Balat et al.
2009; Jahirul et al. 2012; Kan et al. 2016). The basic requirements for flash pyrolysis
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Table 4.4 Types of pyrolysis process based on temperature range and heating rate

Type of pyrolysis

Reaction time (s)

Temp. range (°C)

Heating rate (°C/s)

Slow pyrolysis 30-60 min 300-700 0.1-2
Fast pyrolysis 0.5-10 650-950 10-200
Flash pyrolysis 0.1-0.5 400-1000 1000-10,000

are higher heating temperature between 800 °C and 1000 °C and particle size of
<0.2 mm (Balat et al. 2009; Jahirul et al. 2012; Kan et al. 2016). Generally, the
choice of the process depends upon the desired final products. The pyrolysis
classifications based upon operating temperature and heating rate are given in
Table 4.4.

4.5.4 Gasification

Gasification is a process by which biomass, organic waste, or fossil-based raw
materials are converted to fuel gases (syngas) by applying a controlled amount of
oxygen and/or steam at elevated temperature, >700 °C. A typical gasification
process for a biorefinery plant comprises five main sub-classifications:

1. Biomass preparation stage; the biomass feedstock undergoes drying, heat
treatment, and grinding to make it ready for gasifier.

2. Gasification unit stage; the biomass is partially oxidized and transformed to
gases (CO, CO,, CHy, H,O, H,, H,S, HCN, tars) at atmospheric or pressurized
conditions under a temperature of 1300 °C.

3. Air separation unit stage; in this stage, N, rich and O, rich streams are separated
under cryogenic conditions and raw syngas is produced.

4. Cleaning and conditioning stage; in this stage removal of impurities such as
H,0, CO,, H,S, HCN takes place. The cleaning and conditioning treatments
depend on the intended purpose of the syngas (CO and H,).

5. The exploitation of syngas for the desired final product; in this stage, the
refined syngas is used to produce biofuels, biochemicals, heat, or power.

Slezak et al. (2019) studied syngas production from spent mushroom gasification
using steam between 800 °C and 900 °C. They achieved a higher yield of H, at
800 °C (42.9 mol Hy/kg) by utilizing 50 vol% of steam concentration. Nin-
0-Villalobos et al. (2020) studied the simulated biorefinery approach for hydrogen
and biodiesel production from a mixture of Palm and Jatropha biomass. They
suggest that the combination of the mixtures of the biomass reduces the environ-
mental impact as well as improved the production of biodiesel and hydrogen. The
use of catalysts in the gasification process improves the yield of the product either by
reacting with the biomass or by cracking with newly formed tar in a secondary
reactor (Grams and Ruppert 2017). 92.3% conversion rate of tar was reported by
using Ni-Fe catalyst during rice husk gasification at optimized reaction conditions
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(Shen et al. 2015). Significant improvement of hydrogen yield was obtained from
bagasse gasification by applying Ni-Fe/y-Al,O5 (Jafarian et al. 2017). Generally, the
use of catalysts significantly improved the yield of the desired product during the
waste gasification process.

4.5.5 Microwave Irradiation

Microwave is a non-conventional energy source and is electromagnetic radiation
with wavelengths between 1 mm and 1 m and frequencies between 300 MHz and
300 GHz. Ionic conduction and dipole rotation are the two main working principles
of microwaves interactions with reacting media (Constant et al. 1996; Kostas et al.
2017; Tsubaki et al. 2018; Whittaker and Mingos 1994). The relative advantage of
microwave irradiation (the very fast and efficient and controlled heating as well as
the very short reaction time, uniform heating, and heat generations throughout the
material) attracts waste biorefinery application. Microwave is applied in biorefinery
in two ways: i) pretreatments assisted by solvents at mild temperature (<200 °C) and
ii) microwave-assisted pyrolysis held at a higher temperature, above 400 °C (Dhar
and Vinu 2017; Hassan et al. 2018; Tsegaye et al. 2019¢; Xu 2015).

The application of microwave in waste biorefinery is highly dependent on the
dielectric properties of the biomass (ability to store and convert electromagnetic
energy) as well as the size and shape of the biomass (Hassan et al. 2018; Tsegaye
et al. 2019d; Waheed et al. 2017). Enhancement of reducing sugar yield (74.15%
cellulose yield) was reported by microwave-assisted alkali pretreatment of wheat
straw (Tsegaye et al. 2019d). Dhar and Vinu (2017) applied microwave heating on
lignin to produce phenolic compounds using dimethyl sulfoxide (DMSO) and
dimethylformamide (DMF) solvent at 100 °C and achieved a maximum yield of
20%. Sun et al. (2019) observed that increasing the applied microwave power
increased lignin depolymerization in ILs. Kostas et al. (2020) evaluated the produc-
tion of biochar and bio-oil from microwave pyrolysis of olive pomace. They
achieved 71.9% bio-oil production which consists of mainly acetic acid and good
quality biochar at optimal conditions (200 W microwave power, energy input of 3.6
KJ/g, and reaction time of 3 min). Higher hydrolysate content (46%) from harmful
algal blooms using microwave-assisted hydrolysis was achieved by microwave
irradiation (Kumar et al. 2020) whereas high-quality cellulose and pectin were
extracted from waste mango peel using microwave hydrothermal treatment
(Kumar et al. 2020). The application of microwave heating in waste biorefinery is
rapidly increasing to produce platform chemicals and bio-based materials from
waste biomass. Many researchers are focused on fruit peel waste and very little
work has been done on other waste residues. Therefore, if it is extended to other
waste biomass such as food waste, agricultural residues, etc., it has a great potential
to significantly contribute toward the achievements of zero-waste goal.
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4.5.6 Ionic Liquids (ILs)

Ionic liquids are normally salt in a liquid state with melting points lower than 100 °C.
Ionic liquids are considered as catalysts, solvents, or reagents, or combinations of
them in many chemical processes. lonic liquids are categorized into task-specific
ionic liquids (Kumar et al. 2020), room temperature ionic liquids (Hallett and Welton
2011; Lei et al. 2014), supported ionic liquid membranes (Wickramanayake et al.
2014), and polyionic liquids (Qian et al. 2017; Rojas et al. 2014). Paul Walden was
the first scholar to report the ionic liquid, ethyl ammonium nitrate in 1914 (Walden
1914). Almost after a century, it become a major research area, and the potential of
ionic liquids is unveiled for biorefinery.

Borges et al. (2020) studied the catalytic effect of chromium (III) chloride
hexahydrate on cupuacu peel, rice husk, and pequi peel for the production of furfural
derivative compounds (furfural and hydroxymethylfurfural) by applying 1-butyl-3-
methylimidazolium chloride as ionic liquids. They achieved 42.89% furfural,
14.28% glucose, 3.81% xylose, 1.92% hydroxymethylfurfural, and 0.93% arabinose
by applying biorefinery concept. Up to a 6.7-fold increase in cellulose hydrolysis
was reported from eucalyptus by recycling of the ionic liquids 1-butyl-3-
methylimidazolium acetate (b). Meanwhile, Li et al. (2016) achieved 90.53% glu-
cose production using the same ionic liquid after applying NaOH to separate lignin
(Li et al. 2016). NaOH pretreatment of sunflower stalk combined with 1-butyl-3-
methylimidazolium chloride contributed to the increment of reducing sugar to
69.14% (Nargotra et al. 2018) while corn stalk pretreatment with
N-methylpyrrolidinium-2-chloride resulted in 85.94% lignin recovery and 91.81%
reducing sugar yield (Ma et al. 2016). Chloride and acetate-based ionic liquids are
more favorable for lignin extraction from Eucalyptus and Pinus radiata. The appli-
cation of ionic liquids in waste biorefineries is attracting much interest for producing
platform chemicals. Therefore, proper choice of the ionic liquid based on the type of
feedstock is critical for obtaining optimal and efficient products.

4.5.7 Deep-Eutectic Solvents (DESs)

Deep-eutectic solvents are solvents that are made by mixing two or three cheap and
nontoxic compounds that can make a eutectic mixture (having a lower melting point
than the individual components). They are commonly considered as new generations
of solvents that can overcome the problems observed in ionic liquids, high cost, high
toxicity, a complex synthesis that require purification, and non-biodegradability
(Abbott et al. 2004, 2006). Hydrogen bond donor and acceptor are the two main
principles used in developing eutectic solvents. Even if the application of deep-
eutectic solvent was known before Abbott et al. (2003) was the first scholar who
introduced the concept of deep-eutectic solvent to describe the formation of low
melting point liquid, 12 °C while mixing choline chloride and urea. Considering the
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range of components capable of forming eutectic solvents, there are vast possibilities
of developing new and green solvents.

The integrated approach of rice straw pretreatment, solvent recovery, and reuse
by employing natural deep-eutectic solvents (mixture of choline chloride, lactic acid,
and water) for ethanol production has been evaluated (Kumar et al. 2018). They
achieved 129 L ethanol/ton of rice straw (79.9%, theoretical conversion efficiency)
with three times solvent reusability and 86%—90% lignin recovery. Andlar et al.
(2021) used choline chloride-based natural deep-eutectic solvent for orange peel
waste valorization to extract compounds such as polyphenol, protein, and
D-limonene. They developed DES of choline chloride-ethylene-glycerol and
obtained 86.8% polyphenol recovery. Ramesh et al. (2020) evaluated Bambusa
bambos delignification using DESs, choline chloride-urea, and choline chloride-
oxalic acid treatments for 4 h at 120 °C. They obtained higher delignification, 25%
while applying the deep-eutectic solvent, choline chloride-oxalic acid. Fractionation
of empty fruit bunch by choline chloride-lactic acid mixture resulted in 88% lignin
removal (Tan et al. 2018) while 69% lignin removal was achieved by cholinium-
argininate mixture from grass (An et al. 2015). Choline chloride-based deep-eutectic
solvents are commonly used for biomass fractionation. The application of DESs in
the integrated biorefinery approach is gaining momentum and the probability of
developing a novel and green solvent is very high. Therefore, deep investigations on
the solvent might solve the current bottleneck of biorefinery.

4.5.8 Ultrasound

Ultrasounds are sonic waves with a frequency ranges between 20 KHz and 10 MHz.
Frequency ranges from 1 MHz to 10 MHz are generally used for medical and
diagnostic applications while 20 KHz to 1 MHz of frequencies are used as power
ultrasound, chemical processing. Ultrasound technology can be applied for extrac-
tion, crystallization, homogenization, filtration, and emulsification (Chemat et al.
2011). Due to the efficient extraction potential of the ultrasound process, food wastes
are increasingly utilized for extraction of bioactive and other components by inte-
grating the biorefinery approach. Pingret et al. (2012) evaluated polyphenol extrac-
tion from apple pomace waste using ultrasound-assisted extraction. They achieved
30% higher polyphenol content on the lab scale and 15% higher on the pilot scale
than the conventional extraction process at optimized conditions (temperature 40 °C,
ultrasound intensity 0.794 W/cm, solid to solvent ratio, 150 mg/mL). Moreover, they
observed that there was no polyphenol degradation in the extract. Araujo et al.
(2013) reported an increase in efficiency of extraction of lipid by sonication of
microalgae. Recently, ultrasound assisted by alkali/acid/salt is gaining momentum
for lignocellulose biomass treatments. Xu et al. (2017a, b) observed hydrolysis yield
of 81% for corn cob, 66% for corn stover, and 57% for sorghum stalk after
ultrasound-assisted dilute aqueous ammonia pretreatments. 98% cellulose recovery
and lignin removal of 46% were observed after ultrasound-assisted potassium
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permanganate pretreatment of spent coffee waste (Ravindran et al. 2017). The low
energy requirement and the green nature of ultrasound process boost the extraction
of valuable components from waste biomasses especially, from food wastes. There-
fore, integration of ultrasound process in biorefinery process significantly increases
and diversifies products from food wastes and achieves the circular economy goal.

4.5.9 Gamma Radiation

Gamma radiation or gamma-ray is a form of electromagnetic radiation emerging
from atomic nuclei of radioactive decay. The energy range of gamma rays from
radioactive decay is from a few kiloelectronvolts (KeV) to approximately
8 megaelectronvolts (~8 MeV). Various sources other than radioactive decay such
as Cygnus X-3 microquasar release very-high-energy gamma rays (100-1000
teraelectronvolt, TeV). The application of gamma rays in biorefinery is increasingly
used for pretreatment to enhance hydrolysis. Wu et al. (2020) studied reduction in
milling efficiency and increase in hydrolysis rate of agricultural residues after
applying gamma radiation. They observed milling energy reduction of 64.4% in
rice straw, 66.62% in corn stalk, and 71.68% in rapeseed straw by applying
600 KiloGray (kGy) of irradiation. Meanwhile, 4.78 times higher hydrolysis effi-
ciency in rice straw, 3.82 times in corn stalk, and 4.35 times in rapeseed straw were
observed. Xiang et al. (2016) studied pretreatment of hybrid popular sawdust by
irradiation of Cobalt-60 gamma-ray. They observed the increment of reducing sugar
yield to 519 mg/g after applying 300 kGy radiation. The integration of gamma-ray
with other pretreatment processes is increasingly used in the biorefinery process and
gives promising results. Yin and Wang (2015) reported higher biohydrogen produc-
tion after the dissolution of waste-activated sludge by the combined effect of
gamma-ray and alkali treatment at 20 kGy. The potential of gamma radiation for
waste biorefinery has been demonstrated by many scholars. Therefore, integration of
the technology into the waste biorefinery may advance the goal of the circular
economy.

4.5.10 Electron Beam Radiation

Electron beam irradiation is a process that involves the use of high-energy electrons
for treatment. Free radicals are generated when energy is transferred from the
electron accelerator to the atoms of biomass molecules and contributes to cell wall
disruption (Grabowski 2015). Recently the combined solvent pretreatment and
electron beam irradiation are gaining interest due to the high efficiency of biomass
disruption. Yang et al. (2015) reported 87.97% glucose conversion and 96.8%
ethanol yield after the combined aqueous ammonia pretreatment and electron
beam irradiation (500 kGy) of Korean Miscanthus sinensis. Leskinen et al. (2017)
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reported the combination of consecutive pretreatment of Birchwood and Pinewood
by electron beam and steam explosion for enhancement of scarification process.
Karthika et al. (2013) observed 40% increases in theoretical glucose yield after
synergetic mild acid (H,SO,) and mild alkali (NaOH) with electron beam processing
of hybrid Napier grass exposed to 150 KGy. The soaking of the samples in mild acid
or mild alkali facilitates the depolymerization of cellulose during electron beam
irradiation. The advantage of lower solvent requirement, higher efficiency, clean-
ness, and cost-effectiveness of electron beam irradiation is crucial to design and
integrate waste biorefinery.

4.6 Conclusion

The application of emerging technologies in waste biorefineries is attractive and has
vast potential for the realization of the circular economy. The utilization of waste for
energy, chemicals, and other bio-based materials productions is significantly con-
tributing to sustainable development and is promising for the future security of
energy and chemicals. Therefore, the emerging pretreatment technologies may be
well integrated into waste biorefinery for the designing of green, efficient, cost-
effective, eco-friendly, and sustainable production of biofuels, platform chemicals,
and bio-based materials. However, further research studies and investigations are
required to break through the bottleneck of waste biorefinery commercialization.
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Chapter 5 m)
Waste Biomaterials Innovation Markets Creck o

Maria Ester Dal Poz, Carolina da Silveira Bueno,
and Vinicius Eduardo Ferrari

Abstract Bio-based materials for chemicals and energy markets remain as a refer-
ence of global sustainable resources. The Energy-Food-Feed-Chemical-Materials
concerns are directly linked with the sustainability matter: given the huge global
amount of waste, it has a strong innovation-driven character. The plethora of raw
materials can spur research combining industrial biorefineries processes with inno-
vations, creating new innovative sustainability-based markets. We explore the
bioeconomic relations between Research and Development (R & D) efforts in
technologies for biorefineries and the emergence of “waste” materials markets.
The methodology—based on the identification of technological trajectories from
patent citation networks—allows the comprehension on how distinct generations of
technologies are combined to improve waste processes and the generation of value
chains and potential markets. Results show the most relevant industrial areas
explored by firms and the emergence of a huge, although technologically immature,
pattern of investments. This bio-based industry is very promising: one of its main
features is the possibility to combine new inventions with traditional ones, demand-
ing R & D efforts, as well as a variety of policy and regulatory framework pro-
visions. Our conclusions may support R & D policies and entrepreneurial
investments, by the identification of emerging areas and allocation of knowledge
resources for industrial sustainable development.
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5.1 Introduction

Sustainability is a new civilization milestone, an urgent collective transition goal,
once there is the climate change context to deal with. There is much uncertainty
regarding the measures to be taken to ensure, simultaneously, a new pattern of
economic growth and markets development while maintaining a sustainable global
human society (Dal Poz et al. 2021).

The governance of natural common-pool resources—the Commons (Ostrom
1990)—is the central point of the sustainability challenge. For this change, techno-
logical, organizational, social, financial, and human behavior innovations are
needed.

Bioeconomy is an under-construction paradigm for that sustainability transition,
offering renewable resources for bioproducts development and production; it
demands, at the moment, and will still demand for a long time, R & D efforts and
the structuring of new markets.

Human economic activity is a large waste generator—huge quantities of materials
that are not used, as agricultural waste, or those that are barely used, as food packing.
The global waste management market and the waste management concerns world-
wide. Companies and even countries must adapt themselves to the rapid technolog-
ical changes faced in knowledge economy. This adaptation process requires the
ability to anticipate competitive scenarios before they happen, and the capacity to
combine internal and external knowledge sources for innovation opportunities.

In this context, this chapter maps the global production of technical solutions for
the use of waste as a source of energy and materials.

The bioeconomy applications for waste products can be considered an under-
construction paradigm for the sustainability transition. Hence, this is a preliminary
study to characterize this emerging paradigm. We adopt two approaches to achieve
this goal: the first is a review of the previous literature about bioeconomy, waste-to-
energy technologies, and biorefineries; in the second approach, we use a patent
citation network to map and identify the main technological trajectories, as a
foresight procedure for waste innovation emerging patterns.

Patent network methodologies are important methodological tools that are being
used to analyze technological frontiers, emerging areas, and the future paths of
industrial knowledge. The uniqueness present in this approach is in the ideas of
complexity that involve the development of knowledge and the diffusion of inno-
vations. In particular, they are new approaches that explain the process of knowledge
in the context of technological changes, which lead to the process of economic
development. With this, recent studies on the role of knowledge in contemporary
capitalism have advanced significantly and focus on issues such as technological
change, interaction, innovation networks (Cowan 2005; Krafft et al. 2011; Bueno
et al. 2018), and methodologies for the treatment of diffusion of innovations
(Morone and Taylor 2010; De Nooy et al. 2018).

This chapter aims to understand and relate technological global generation of
bioeconomic innovations aiming at the use of these materials for energy and
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chemical purposes. The use of these materials is inserted in the field of innovation in
bio-based materials and bioenergy, a challenging issue in scientific, technological,
and economic order. The role of renewable sources—if on screen—and biodegrad-
able raw materials brings a new dynamic to the activities of knowledge generation
and R & D, involving a change in the technological route of traditional fossil
materials for the biological basis. One of the fundamental characteristics of this
model is a quantitative reduction in the use of productive raw materials, and the
qualitative change in raw materials, which requires not only to produce new techni-
cal solutions, but to understand the insertion of new products and industrial pro-
cesses in an economic context. Biorefineries platforms are the ultimate facilities
for this: the industrial plants that integrate the processes and equipment to convert
biomass for the purpose of fuel, energy, and chemical production.

The bioenergetics of renewable sources and biomaterials-based industry meet a
new productive model, based on four assumptions: (1) energy can be restored over
time; (2) raw materials are clean and renewable; (3) their sources are resulting from
production processes or from human activities; and (4) produce quantities much
smaller greenhouse gases compound generators, when compared with traditional
sources (Demirbas 2001, 2007, 2009; Demirbas and Demirbas 2007)—its produc-
tion is the only Carbon capturing system, from photosynthesis. Biomaterials can be
used both for chemicals substitution and energy production; the use of waste as
feedstock relates to the debate on bioenergy and the expansion of biofuels in many
countries (Lal 2007), as well as for renewable resources for the actual petrochemical
sources of rawmaterials. But the cost of waste treatment is considered, now,
extremely high, reducing the competitiveness of those alternatives. Environmental
concerns—including reducing emissions of green house gas—and food security are
relevant issues that determine the debate on economics of biofuels and biomaterials.

The drivers for waste materials markets are (a) the favorable initiatives
concerning clean energy and biomaterials use, (b) the increasing rationale against
gas emissions, and c) the rising of (new and old) energy and materials demands.

According to the NASDAQ forecasting, this market expected revenues may shift
from USD 20.9 billion (2015) to USD 44 billion'/USD 33.46 billion (2023).> So,
both developed and developing countries have been investing significantly in the
development of technologies needed to make the production process more energy
efficient in environmental and economic terms. This is the so-called “biorefineries
model,” an industrial plant that integrates the processes and equipment to convert
biomass with the purpose of fuel, energy and chemical production.

Due to this “new” market challenges, they should be evaluated: a) in the context
of the potential displacement effects and other markets, such as the electricity of
multiple traditional sources and from the potential of the co-generation through

"According https:/www.statista.com/statistics/480452/market-value-of-waste-to-energy-globally-
projection/

2 According  https:/globenewswire.com/Index, according to the report by Global Market
Insights, Inc.


https://www.statista.com/statistics/480452/market-value-of-waste-to-energy-globally-projection/
https://www.statista.com/statistics/480452/market-value-of-waste-to-energy-globally-projection/
https://globenewswire.com/Index
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biomass and b) the allocation of resources for R & D and the adoption of new
technological trajectories (Gan and Smith 2006). In sum, there are economic and
environmental motivations towards the use of waste materials as feedstocks. Hence,
to fully seize these opportunities, reinforce technological assessment capabilities and
formulate better policies, it is necessary to understand the technological frontier and
the new trends toward the conversion of residuals to chemical products and energy
sources.

In this context, this chapter is organized as follows:

The State of Art, composed by:

e Section 5.2.1, discussing a bioeconomy scenario context analysis, focusing on
bioeconomy markets emergence aspects, and

e Section 5.2.2, presenting a waste bio-based innovation markets emergence dem-
onstration study, based on technological foresight techniques through Patent
Citation Network (PCN) (Hall et al. 2001) analysis; this methodology is applied
for several fronts of technological trajectories on waste, exploring the global
efforts in some emerging industrial R & D areas.

As Conclusions, the waste reduction technological efforts and the potential
markets emergence are presented; mapping these scenarios seems essential as a
first step—in the field of bioeconomy, such as decision support on the fronts of
waste use R & D, regarding industrial sustainable-raising policies and enterprises
initiatives.

5.2 State of Art

5.2.1 Bioeconomy-Based Markets

Waste biomaterials markets are inserted in the bioeconomy area, as an applicable
issue of the climate change challenge. This set of concerns is part of the ongoing
adaptative economy, in which renewable and re-usable material and energy practices
are essential to the planet's future. Waste materials have been seen, in this context, as
economic assets, and not as something to be eliminated, meaning heavy costs.

According to Ratner et al. (2012), biomaterial science addresses the design,
fabrication, testing, application, and performance as well as nontechnical consider-
ations integral to the translation of synthetic and natural raw material. It is a
convergence paradigm that pushes multidisciplinary science and market efforts,
since it depends on the integration of innovation policies, research and development
in areas such as molecular biology, chemical engineering, process, and production
engineering, among others.

Understanding the dynamics of markets based on new materials complement this
multidisciplinarity. In this context, analyzes in innovation economics, which
rehearse biomaterials markets through new and old dynamics competition, can
collaborate to those new materials scale and long-term use.
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This section seeks to characterize how the debate around climate change and
bioeconomy—and its bioproducts and biorefineries platforms—are interlinked. In
addition, it aims to provide subsidies for the Chapter’s main goal, which is to discuss
the emergence of innovative markets from waste biomaterials.

Bioeconomy is the production system based on biological resources and their
conversion into food, feed, bioenergy, and bio-based materials. It composes an
innovative market—in the sense that it is a biologically-based knowledge “sector.™

The climate change issue is the prime mover through this economic approach
emergence, which is supposed to drive a sharp promotion of sustainability transi-
tions within a new economic and societal dynamics.

The is a new development context in which a collective logic of exploration and
use of natural resources of common property arise, the so-called Commons. It brings
us back to the “Tragedy of Commons” (Hardin 1968) issue versus the current
efforts—as this chapter does—through the bioeconomy emergence perspective—
to deny that such a natural resources exhaustion is in fact destiny. On the contrary,
following the logic of the analysis efforts about the possibility of implementing
systems for “Governing the Commons” (Ostrom 1990)—orchestrating the use and
exploitation of common-pool natural properties and resources, this chapter collabo-
rates with the ongoing rationale about the entangled challenge to think about a
sustainable future. Bioeconomy is concerned as a very promising way for this.

The problem of the disorderly and unlimited use of resources shared by various
economic agents, which can range from pastures to consumer markets, was resumed
in an emblematic way from the discussion proposed by Garret Hardin (1968); this
author argues that no agent will exhaust resources only before an authority (public or
private) that appropriates the good and impose rules of use. This authority would
also be fundamental to the “free-rider” problem, exposed by Mancur Olson (1965),
when addressing the problems collective action, where some agents take advantages
of others and only reap the rewards, discouraging other to cooperate (Olson 1965).
What Ostrom (1990) will assert in the face of these assumptions is that, if we
consider that authority is never omniscient, it is unable to exercise this control. So
that a collective monitoring within rules and governance system that respects certain
conditions (the collective concerned rules) would be more efficient in the control and
would provide a more lasting learning for new sustainable contexts. Bio-based
markets or the bioeconomy can be inserted in this context, demanding a big set of
new organizational forms of production, market dynamics and agent’s agreements,
rules and behaviors implementations.

That is why bioeconomy is an innovative market.

There are a multitude of shared resources, related to the matrix of subtractability
of use versus the difficulty of excluding potential beneficiaries (Ostrom 1990). At the
intersection between high levels of these two factors, the common-pool resources are

3Biotechnology and its market’s applications, as the so-called bioeconomy—are not exactly
economic “sectors” but sets of knowledge-based research and development efforts that can alter
mature markets or create new ones.
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positioned. This approach follows exactly the chapter’s main heuristic: the transition
for sustainability is an evolutionary, interactive, and interactive process to be
permanently performed by a huge diversity of actors, at many layers of policy
demands and actions levels, involving a sort of geographical spheres and levels of
integration.

And bioeconomy plays a fundamental role in this transition once its main
character is to be based on renewable resources. This happens in terms of raw
material resources as well as in terms of an ecological economics approach—once
the resilient character of the systems.

That said, the governance of shared resources would be focused on the collective
regulation of two basic aspects of resources: the difficulty of “exclusion” of bene-
ficiaries and the ‘“‘subtractability” of resources. The “exclusion” deals with the
limitations to use, especially in the selection and who and how many will have
access to the resource, regulating the offer; the “subtraction” refers to the flow, of
how Much the use of a unit decreases the quantity available for new uses.

Bioeconomic approaches, in this context, represent a shift in that unlimited use of
commons’ rationale: it represents the conservative, resilient and progressive views
of economic management of natural Commons. It is not only because it is based on
biomaterial resources, but on an evolutionary ecosystemic adaptative system since
both the raw material can be reused and the productive system—as natural ones—
has recovery capacity.

It is plainly an institutional change demand, assuming institutions as a broad set
of human behaviors, culture, and modes of common-pool natural or technological
resources use.

That is why a precise and parsimonious definition of bioeconomy is a challenge.
The term relates to economic activities of diverse character, nature, analytical and
practical dimensions. Different sets of actions for the exploitation of biological
resources in bioeconomy—and their consequent innovative market organization
demand planning and implementing new products and processes innovations, new
sets of economic organization, as regulatory, financial, and labor aspects and forms
of competition, among others.

More specifically, in relation to the nexus between the bioeconomy and the
phenomenon of climate change, the transition to bio-based approach is a complex
system. It involves a lot of new contexts social, political, and market measures,
efforts and measures. Performing permanent and strong actions and at sustainable
policy analysis, policy decision-making, and policy frameworks proposals cross the
bioeconomy challenge, as well as conceptual use and adaptation of all the elements
and relationships that interact in the production, diffusion and use of new useful
knowledge for bioeconomy future.

The Paris Agreement (according to IPCC 2013) sealed the global commitment to
reduce the emissions of greenhouse gases to mitigate climate change and thus limit
the increase in earth’s temperature to just 1.5 © C above pre-industrial levels (IPCC
2013; WMO 2019).

A new geopolitical interaction arises from the climate change control challenge:
bio-resources are even more seen as sustainable alternatives, and the field of
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bioproducts is no longer of interest only to leading countries, involving other
countries that dominate different links in the production chain of enabling technol-
ogies to products that replace those already produced in a conventional way (drop in)
and those radically new (drop out) (Bozell and Petersen 2010; Ferrari et al. 2021). As
previously pointed, institutional changes, involving regulation changes, incentives
policies, etc., for the reduction of greenhouse gases will shape the productive
configurations associated with the bioeconomic segment.

Given this evolution of the knowledge and technology frontier (involved in
bioeconomy exploration efforts) and the exploitation of the new technology uses
demanded by the bioeconomy shift. This is what Winskel et al. (2014) call layers
that define learning pathways.

Therefore, it is necessary to think about the bioeconomy in its various positive
externalities, focusing on the real reasons for its development and aspects related to
the transition to sustainable economic systems.

The global interests for the pursuit of the bioeconomy reveal its multifaceted
character as an emerging sector of the economy (McCormick and Kautto 2013;
Souza et al. 2017). The movements associated with the interaction between
bioeconomy, climate change and biorefineries date back to the 1990s, when the
general framework of this analysis involved purely environmental and economic
dimensions. However, there were progressive changes around the future of genera-
tions and social inequality issues. At that time, the European Comission launched its
White Book (CE 1994), “Growth, competitiveness, employment: challenges and
paths to enter de twenty-first century.” It is a book focused on economic develop-
ment and the competitiveness of economies in the long term, but many views on the
role of bioeconomy (despite the term bioeconomy was not directly used) in the
transition to sustainability are already appearing: “We are experiencing a new
industrial revolution, responsible for a very rapid change in techniques, Jobs and
skills” and “Europe’s competitiveness would come from the need for knowledge-
based investment and the role of biotechnology in economic growth” (CE 1994,
p. 10).

The formalization of this model took place in 2012, with the launch of the
document “Innovating for Sustainable Growth: A Bioeconomy for Europe”
(European Comission 2012). It is also worth mentioning the formation of the
Knowledge-Based-Bio-Economy (KBBE) initiative, from two conferences held in
2005 and 2007, which effectively contributed to conceptualize the bases of
bioeconomy (McCormick and Kautto 2013).

In other words, the presuppositions for the global change of a bio-based economy
were placed, and the development of the bioeconomy, started to be part of the
strategic management of many countries’ agenda.

During discussions around the new European Climate Law, for example, the
European Commission elected the bioeconomy as a strategic element to achieve the
ambitious goal of making Europe the world’s first climate-neutral continent by 2050
(European Commission 2019); this plan includes credit and funding programs for
bioenergy and other bio-based sustainable technological solutions as the Horizon
Europe (Ronzon and M’Barek 2018). The European model for bioeconomy—
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through the European Green Deal has, as the main goal, to zero greenhouse gas
emissions by 2050 (European Commission 2019; El-Chichakli et al. 2016).

The bioeconomy stood out with multiple sources for the production of new
sustainable-driven products (Cherubini 2010; Bozell and Petersen 2010); it is
formed by a broad set of enabling technologies, like gene editing or recombinant
RNA-derived techniques, based on a huge variety of bio-raw materials (a big sort of
different biochemically biomasses), the potential to develop bio-based platforms for
multiple products—as alcohol-chemical trajectories from biomass, to capture and
adapt sectorial distinct industrial nature processes. The knowledge complementarity
represents a total greater than the sum of the unique capabilities involved in these
development and production processes: distinct technologies can draw multiple
technological regimes, as waste-to-chemicals or waste-to-plastics trajectories.

Emerging industrial economies, like China, Brazil, and South Africa, see bio-
technology as a nascent field of innovation in which these economies can compete.
The Brazilian bioeconomic model prioritizes the rational exploitation of local
biodiversity through the development of new sources of renewable energy—till
the Oil and Gas sector 1970s crisis, when Brazilian Bioethanol Program has been
implemented—and offers environmental services and eco-efficient products.

For many other developing countries, the main concern is inclusive rural devel-
opment and equitable sharing of natural resources (El-Chichakli et al. 2016); for
many biodiverse countries, of course, the biodiversity exploration—in the form of
resilient agricultural and livestock production, natural resources preservation and
bio-based new markets represents a unique challenge. This challenge is not only
derived from research and development and market diffusion demands, but, also, it
depends on new institutional arrangements, as intellectual property rights sharing,
that puts together international enterprises markets agents and indigenous people
from rainforests, for instance. The demands for analysis of the differential scientific
and value trading capabilities between these actors are clear, and there is an
ontological and epistemological gap between the practices of exploration and use
of biological resources through entrepreneurship, and the distribution of benefits
between these actors involved in this institutional network (Dal Poz and Bueno
2017).

Given this set of aspects involved in the dissemination of the bioeconomy and
considering the Sustainable Development Goals (United Nations 2000) five princi-
ples, detailed below, were proposed with the aim of coordinating and harmonizing,
among different countries, the process of transition to bio-based industries*
(El-Chichakli et al. 2016).

(a) Knowledge development and transmission across boundaries, concerning the
scientific gap capabilities between high-income countries and others; the high

“This paper was published in Nature (2016), after the publication of 40 countries leaders report
about bioeconomy development strategies, in 2014; in this year bioeconomy had a US$ 2 tri
(El-Chichakli et al. 2016) global performance.
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know how found in some biodiverse and middle-income countries is another
aspect to put into account.

(b) Creation and management of global networks can perform a central role in
defining common protocols—managing information—that pave the way for
the bioeconomic industry.

(c) International coordination to overcome the problem of conflicting national
priorities—from policy devices as carbon footprint pricing and credit
markets—and the so-called green deals about fossil fuel’s role for countries’
development.

(d) Education for sustainability transition, including natural assets preservation and
adaptative economics (Dal Poz et al. 2021), and Research and Development
efforts, in an international collaboration at innovative projects and goals.

All these factors make bioeconomy an under-construction paradigm for the
sustainability transition and address the requests for the bioeconomic market’s
dynamics deeper understanding efforts.

The sustainable future design, where bioeconomy, through biotechnology and
bio-based raw materials plays a central role, is being operated by a variety of efforts
to change market modes and rules by which productive and commercialization flows
use common-pool natural resources (Dal Poz et al. 2021). At the level of countries’
political and social actions or from international initiatives, a common definition is
needed to implement and manage the bioeconomy emergence, through instruments
of economic, environmental, and social policy. This means to have strong and
permanent governance efforts around innovation funding, firm’s competition posi-
tive environments, funding systems flows, regulatory adaptations for new technol-
ogies diffusion, among others. And, by addiction, to see this process as an
evolutionary, interactive and interactive process to be permanently performed by a
huge diversity of actors, at many layers of policy demands and actions levels,
involving a sort of geographical spheres and levels of integration.

The search for new economies, given the demands for transition for sustainabil-
ity, presumes and addresses efforts that should result in new paradigms, such as the
bioeconomy. In turn, the transition to the bioeconomy—as a bio-based economy
(McCormick and Kautto 2013)—involves a deep transformation of industry struc-
ture and sectors of many product chains, as this is an area still under development. In
this sense, Energy-Food-Feed-Chemical-Materials issues have a strong bioeconomy
innovation-driven character since raw materials of biological origin are the only
renewable ones.

But the emergence of bioeconomic markets is not given through technological
innovation, but it depends also on the integration of social, organizational, and
institutional innovation (Geels and Schot 2008; Kemp et al. 1998). These processes
are supposed to be structured as learning and adaptative based processes, demanding
iterative and interactive permanent behaviors as networking, learning-by-doing, and
learning-by-interacting cooperative and interorganizational processes (Cohen and
Levinthal 1990; Sabel 1993), presenting strong absorptive capacity to understand
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and perform new sustainable demands (Mowery and Rosenberg 1989; Arora and
Gambardella 1990, 1994).

The technological trajectory of waste-to-plastics, for instance, based on
bio-renewable materials, as biomass, can illustrate this market emergence plethora
of demands: science development, followed by research and development processes
must be followed by new firms’ network formation, knowledge sharing’ and joint
work to achieve new market environments, based on regulatory of funding offers.
The technological appropriation firm’s individual success is a posterior phase, in
which other market forces will be put into account—what means there should be a
differential absorptive capacity to take the new technology as a competitive asset.

This example shows why closed definitions and concepts concerning
bioeconomy term can be drawn from three visions:

(a) From biotechnology set of potential technical solutions, emphasizing research
and its applications.

(b) From bioecology, focusing on systemic sustainable processes that optimize the
nexus between resources such as water, energy, and food production, on the
governance of sustainable practices and approaches to natural resources in
common use and ownership and on the promotion of biodiversity, and.

(c) From biological resources, that highlights processing as well as establishing
value chains for a variety of biorefinery products.

Once more, bioeconomy reveals itself as multifaceted and multidisciplinary area
(Bugge et al. 2016; Bonomi et al. 2016), involving and demanding a big set of
knowledge areas integration.

In short, the bioeconomy is more than single products development platforms, but
integrated systems of technological platforms (Mohan et al. 2016), in which the
anthropogenic waste generation can generate new markets. Basic building blocks for
materials, general goods, chemicals, and energy are derived from renewable biolog-
ical resources and from the full use of the industrial plant for the development of a
wide variety of products. So, biomass-based biofuels platforms that replace oil-based
fuels—the bioenergy industrial plant—also produce other bioproducts, as bioplastics
(Bozell and Petersen 2010; Lynd et al. 2011), for instance.

It is necessary to point out that the emergence of new markets or the evolution
between “old”’and “new” ones is not a linear process and involves analysis about
industrial dynamics and technological change. As a technological new regime, we
could point to the genetic modified organism’s innovation diffusion over the last
40 years. This means to understand not only research and development efforts, but
the evolutionary modeling of the links between the microeconomics of innovation,
the patterns of industrial change and some observable invariances in industrial
structures (Marsili 2001). The innovation diffusion of new technologies leans on

5Sometimes the scientific challenge and the knowledge application efforts are so high that some
market rivals—as big plastic raw material suppliers—collaborate at the first Research & Develop-
ment phases of the new technologies’ achievements.
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factors as the co-existence of firms (which are the developers or owners of new or
mature technologies). They are subjected to pressures derived from demands for
learning (Dosi et al. 1995)—which allows, or not, the introduction and diffusion of
new technologies in real production processes. The survival of these firms in
competitive selection environments depends on numerous other typical factors of
market competition. They can be illustrated by cluster formation, change capability
of regulatory regimes and, ultimately, manage to change the structure of markets.
The weight of the generation of new businesses with high economic complementar-
ity is not negligible.

That is why the oil and gas technological regime—and its lock-in effects—
despite its non-sustainable pattern of development, is still the dominant market.
Renewable fuel sources, as bioenergy, must overcome the entry barriers outlined in
the previous paragraph; this is valid for all the bioeconomy technologies.

From a positive perspective, the bioeconomy has been able to transform many
economic sectors, managing to establish new successful technological trajectories.
In particular, the economy of rural areas. The main argument (and evidence) is that
the wide range of goods and services have been continuously emerging from plant,
animal, and forest material to most of production, processing and transport of
bioeconomy. This is a significant variable, especially for developing countries,
which have a large part of their economies based on agricultural and cattle-raising
production.®

Unlike other industries, like petrochemicals, bioeconomy is decentralized: there
is a wide variety of raw materials, like those for bioenergy—from corn or sugar cane
plantations to different sources of waste, like sugar cane bagasse. From these waste
materials, another variety of Energy-Food-Feed-Chemical-Materials can be pro-
duced, the main theme of this book.

The economy has clearly leaned to renewable raw materials; in the case of energy
and chemicals sources, or because, in fact, non-renewable sources have a lower
horizon of offering, or, indeed, because the global economy needs more and more
energy and materials. This new look at the use of waste to generate new varieties of
energy and chemicals has been promoting efforts to find technological routes for the
bioconversion under changing trajectories of R & D based on fossil materials for
bio-based chemical raw materials (Kamm et al. 2008).

In this context, this chapter describes the innovative market scenarios that are
emerging due to new technological solutions able to integrate multiple value chains:
Energy-Food-Feed-Chemical-Materials.

SThis is the Brazilian case, where agricultural productivity gains have been based on Science and
Technology efforts from the last 40 years.
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5.2.2 Waste Bio-based Innovation Markets

This section presents the conceptual assumptions (Sect. 5.2.2.1) and methodological
procedures (Sect. 5.2.2.2) that can support the bioeconomy markets analysis, as a
background ensemble for the waste industrial foresight study, in Sect. 5.2.2.3.

5.2.2.1 Conceptual Assumptions to Draw a Waste Bioeconomy

Methodologies that seek to measure the technological progress are quantitative
assessment and analysis tools for the inter-comparisons of activities that generate
knowledge and its appropriation, as innovations. They are models of information
analysis that specify how the content and the lexical representations of documents
are intrinsically related (Croft 2000). The examination of patents and their thematic
content is an essential procedure for the analysis of various aspects of technological
change (Griliches et al. 1986). It can be used to study long periods of investment in R
& D activities, the level of the firm, and its patent profile, yielding a view about the
“technological space” of a company or groups of them.

According to Zitt and Bassecoulard (2006), the design of technological fields is
essential for studies of decision support, for the evaluation of positions of industrial
development of institutions or countries, to understand the dynamics of Science,
Technology & Innovation, and the strategic position of certain actors. Geisler
(2000), for the evaluation of science and technology, points that there is only one
viable method: the measurement of indicators. The verifiable data measurement is
represented by lexicographical content indicators such as the incidence of Chapters
in each period of time, publication of specific areas, authorship and collaboration,
incidences of citation and relationship between cited and audiences, such as, for
example, the characteristics that are observed in patents to evaluate the production of
technological innovation.

The methodological assumptions are that Patent Citation Indicators (number of
citations’ received by a patent, from others, resulting in Patent Citations Networks—
I-PCN) because patent citations allow one to study spillovers, and to create indica-
tors of the “importance” of individual patents, thus introducing a way of capturing
the enormous heterogeneity in the “value” of patents. This is considered as a robust
approach for analyzing the patenting strategies of firms, an economic indicator that is
able to vouch for the patent efforts as economic agents trajectories persecuted to
reach some innovation goal; this approach demonstrates an industry evolution
(Verspagen 2007).

7Hall et al. (2005) point that this is not a final indicator for S & T & I economic analysis. Other
approaches to understand the “citation dynamics” related to economic value of Technologies could
be applied; due to this Chapter’s profile, only the “indegree” indicator of forward citations received
by a patent—is explored, which gives us a preliminary scenario for economic valuation of the waste
technologies efforts performed by firms.
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Complementary, PCN indicators provide a proxy of a given patent of the network
(inasmuch the graph theory, according to Barabdsi and Albert 1999) to lead new
technological developments. Patent sequencies that perform a main path® from a
PCN have been considered as proxies of technological trajectories performed by
economic agents in R & D efforts; the network can be seen as the ex post projection
of those efforts (Mina et al. 2007; Verspagen 2007; Fontana et al. 2009; Martinelli
and Nomaler 2014). This approach is a proxy of economic interests in technologies
and that allows analyzing, from a technological point of view, areas and subarea of
efforts in R & D and its investments.

This chapter assumes that PCN approach enables a broad understanding of:
(1) economic agents' efforts at tangible, intangible, and complementary assets
through innovation; (ii) industry inward competition concerning rivalry and coop-
eration relationships among firms and (iii) the knowledge variety that a stated sector
needs to reach a new pattern of innovation (Saviotti 2009). So, PCNs provide an
overview not only about waste R & D efforts, but it permits to select the most
enabling technological trajectories, or, at least, the emergence of some technologies,
which is a proxy of the bioeconomic ensemble of the “waste industry” global efforts.

5.2.2.2 Methodological Procedures

In order to explore the economic significance of PCN structures, we use two
complementary procedures:

(a) The Thomson Innovation Platform, to identify the more active patenting market
players in this technological area, focusing on the International Patent Classifi-
cation Indicators (IPC). IPC scenarios, combined with the mapping of the most
active patent holders, give us a broad market effort proxy in the
technological area.

(b) The Search Path Link Count (SPLC) indicator introduced by Hummon and
Doreian (1989) in their networks' main path analysis. According to Martinelli
and Nomaler (2014), these indicators “evaluate the connectivity of a citation by
measuring how many downstream and upstream patents are connected through-
out such citation.”

With this, it was possible to verify which forms to reduce waste are receiving
more attention in terms of the production of knowledge potentially applicable to the
technological development based on “waste” materials and consequently may mean
technological trends.

The search system and data aggregation were performed by the following tools:

8The main path of a network of patent citations is a given path in which the connectivity index of
the archs reaches its maximum value (Hummon and Doreian 1989).
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(a) The central search query for patents was composed by the word “waste”
(at patent’s abstract descriptor) and the word “energy”™ (at patent’s abstract
descriptor)'%; the period of patents was 1976 to 2018 (from the US Patent and
Trade Office, USPTO).

(b) The information technology tools used to obtain data for this chapter, and to get a
broad technological scenario, the same search query has been submitted to:

* We use the Thomson Innovation Platform to build a lexicographical map of
patent documents. Thomson’s algorithms extract sentences and expressions
from these documents and categorizes them into topographic clusters on the
basis of the similarity of the text. This procedure looks for industrial technological
areas—using the IPC approach—concerning the term “waste” and the main
market technological diffusion map, through enterprises activities.

* The Vantage Point Platform, to reach the identification of trajectories—by Depth
Procedure (Batagelj et al. 2014), and SPLC criteria (Verspagen 2007), once the
last one is a proxy of patent’s effectivity to generate new knowledge flows,
contributing to a technological development path.

5.2.2.3 Waste Technological and Market Foresight Study

The International Patent Classification (IPC) approach ensembles the following
clusters of waste technological classes, as Fig. 5.1 presents.

The Class CO7C relates to the core business of real industrial sales of organic
materials into energy sources. The Class C10 and its subdivision C10G are closely
linked to industrial processes that have as raw material the “waste,” as well as the
C10J. The Class C10L refers to semi-finished products—post-first phase of degra-
dation of raw material. In this set, the Class C12P is the one that most closely
approximates the generation of innovations, because it combines the processes of
fermentation or enzymes that perform with the synthesis of compounds or compo-
sitions, i.e., technologies are able to process the raw material that went through
pre-treatment and transform it in biofuels.

The patenting activities—beginning in 1982, become relevant in 2003, and it has
a clear maximum point between 2011 and 2017.

From this point, we will explore the map from an enterprise perspective, selecting
the most relevant patents—concerning this chapter’s methodology, the PCN
approach—and, then, in terms of market technological diffusion (Table 5.1).

A giant Patent Citation Network component—shaped by 2204 patents—has
emerged from the queries—as central nodes—and 8645 linking lines—has been
formed.

This lexical composition (waste+energy) has proved to be able to capture the biorefineries-based
patents, once waste can be used as chemical raw material or for energy production.

19 ABST/waste AND ABST/energy—1841 patents at USPTO.
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Fig. 5.1 Technological Areas in “Waste” Patents. Legend: Green (1)—C10 L** (fuels, not
otherwise provided for; natural gas; synthetic natural gas); Yellow (2)—C10G* (cracking methods
of hydrocarbon oils); Red (3)—C10J (production of gases containing carbon monoxide and

acyclic or carbocyclic compounds); Purple

(5) C12P (fermentation or enzyme). Source: Authors, through Thomson Innovation. Database:

from USPTO patents, 1976-2017.

Table 5.1 Technological areas of the patent lexicographical scenario and leading companies

Technological Area

Leading Companies in terms of number of
patents

A—cellulosic + lignocellulosic + corn + pulp
+ sugars + enzymes + fermentation

Xyleco Inc. (USA)

B—fermentation + microorganisms + ethanol

Butamax Advanced Biofuels LLC—joint ven-
ture British Petroleum and Du Pont.

C—enzyme+encoding-cell + culture +
microorganism + culture

Sapphire Energy Inc. and The Scripps Research
Institute (USA)

D—solar + electrical + carbon dioxide

McAlister Technologies LLC (USA)

E—fuel cell + electricity + cathodes

EBARA Co. (Japan) and McAlister Technolo-
gies LLC (USA)

F—carbon-dioxide-dissolving

McAlister Technologies LLC (USA)

G—burner-gasifier-gasification

Rem Engineering INC.

H—carbon + monoxide + methane +
gasification

University of California

I—cellulosic + pulp + paper

Reclaim Resources Limited

J—agasification + gasifying + wall

Biothane Corporation (USA) and Valtion
Teknillinen Tutkimuskeskus (VTT, Finland)

Source: Authors, through Thomson Innovation
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,T*C‘l'f"ets-z Main density Density! [loops allowed] = 0.00172294
Hndicators Density2 [no loops allowed] = 0.00172370
Average Degree = 7.71875000

Table 5.3 SPLC Sources

- Sources/Startpoints SPLC Rank_SPLC
Ranking 4,338,199 0,196 1
3,961,913 0,103 2
4,301,750 0,022 3
3,973,043 0,019 4
4,334,997 0,018 5
4,205,613 0,013 6
4,291,636 0,010 7
4,311,593 0,010 8

Table 5.2 shows an abstract of the main density indicators; it is important to point
out that 0,17 of the potential links (full ranked) have been completed.

This original network has been filtered, using a sub-network extraction tool. A
huge, dense and acyclic PCN, even after this procedure, has emerged. We identify
several triads as well as some network paths made up of three or more highly cited
patents.

This specific network pattern have been detected, which means there is still a
deeper investigation about potential clusters of integrated technologies involved in
technological packages that could be the final technical solutions for the several
technological demands on waste The SPLC procedure has been calculated, to
generate a partition. The paths over 1% were than considered as a valid sample
for new partitions. At least 13 layers of this new core network presents
sub-trajectories.

For this chapter, the main technological trajectory (or trajectories), the filter
procedures—performed by network’s partitions application, reveal at least 3 critical
paths, in which with, at least 6 depths, concerning these indicators is first search
algorithm used to detect and represent the mainstream of an interconnected set of
nodes in a network.

Four aggregation procedures have been applied, to establish the technological
trajectories:

Step 1: SPLC calculation to sources identification:

The 2204’s patents PCN presents 67 nodes sources, or startpoints. SPLC for each
startpoint has been calculated (SPLC Table 5.3).

Step 2: Technological Trajectories Identification, through startpoints:

The SPLC procedure has been calculated, to generate a partition. The paths over
1% were then considered as a valid sample for new partitions. Among the
67 startpoints, 8 central nodes have been identified (up to 1%), revealing the most
important technological paths.
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Fig. 5.2 Three Main Technological Trajectories (TTs) on “Waste”—main patents identified by
Patent Number (USPTO)

Step 3—Technological Trajectories (TTs).

Hummon and Dereian (1989) algorithm was assumed for each startpoint,
according to Verspagen (2007).

Step 4—Technological Trajectories Organization, through depth partition.

Depth partitions were used to organize the sources once: i) sources registrate
depths and ii) for intermediary further nodes, the depth reveals the maximum
geodesic distance of each node, in relation to a source.

The methodological procedures described above made it possible to design a
57 patents sub-network, with 3 trajectories (Fig. 5.2):

(a) Sources n° 2 (Pat. 396,191), n° 3 (Pat. 4,301,750), n°6 (PAt. 4,205,613) and n°
7 (4291636) have converged to the same path, or trajectory (TT1).

(b) Sources n° 4 (Pat. 3,973,043), n° 5 (Pat. 4,334,997), n°8 (PAt. 4,311,593) and n°
7 (4291636) have converged to the same path or trajectory (TT3).

From these results, the next procedure is to analyze the contents of each drawing
patents of the waste technological trajectories—TT1, TT2 and TT3.

5.2.2.4 TTI1: “Waste” Pyrolysis and Combustion

USPTO Patent 3,961,913 (1976) is the founder of TT1—pyrolysis, combustion and
oxidation trajectory through liquid carbonaceous fuel methods for treating the
organic fraction of solid waste material at an elevated temperature. Acid treatment
is very frequently used in these technologies, especially in the trajectory first steps.
This condition remains from the yellow branch of the TT1 trajectory, followed
similarly by the second branch (in red). The next branches (pink, pale pink and
orange) reveal a variant of the same trajectory, with densification of waste materials
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as a technique for packages of pyrolysis industrial technologies; the last technologies
are concerned with the same industrial processes, demonstrating some sophistication
of the pyrolysis process. These are incineration processes that produce bio-oil,
combustible gas, and char.

The main assignees of this trajectory, the majority are companies of the USA, and
all existing companies are:

e Accordant Energy, LLC (Rutland, VT)

* Pirelli Ambient S.p.A. (Milan, IT)

¢ Union Carbide Corporation (New York, NY)

¢ Combustion Equipment Associates, Inc. (New York, NY)
* Pan American Resources, Inc. (San Diego, CA)

¢ Outokumpu Oy (Helsinki, FI)

* Ecosystems Projects, LLC (Albany, NY)

* Re Community Energy, LLC (Rutland, VT)

e MPH Energy LLC (Rutland, VT)

5.2.2.5 TT2: “Waste” Plasma-Based Technologies

This is a remarkably interesting trajectory, once it began in the 1982 year, with
oxidizing methods, and evolves for waste materials treatment; many patents from
2014 offer a very sophisticated cluster of long-action technologies, concerning waste
treatment. At first, this trajectory is related to treatment of water, wastewater, sewage
and sludge focusing greengas emissions reduction and solid waste transformation.
From the beginning (1982) through 2011, it is related to systems and methods for
conversion of high moisture waste materials to dry or low moisture products for
recycle or reuse; in this middle trajectory area, technologies are at the nexus between
treatment of water and energy production (using heat or not) by some integrated
industrial processes of material separation, biomass drying, chemical or biological
purification; some industrial products are energy, “green pellets” and fertilizers.
Toxic waste treatment is a particularly important industrial work front, at this level.

From 2011, the ultimate carbon capture technologies—related with plasma
methods for carbon capture as a solid material reveals a clear inflexion at the
trajectory. Higher valued products make up the shelf of more recent technologies,
composed of activated carbon composites. It is, obviously, a differential branch of
TT2: carbon dioxide capture is linked with electric markets, and it is a mitigation
process for global warming. It is also a new energy carrier resource based on
Hydrogen Enriched Natural Gas (HENG). Thus, by converting from one energy
carrier to another, you have effectively slowed down and stored power that would
have been curtailed to stabilize the electrical grid. So, it is upstream carbon capture
while delivering a zero-emission energy carrier downstream to end users such as
refineries, power plants, H2 fuel stations and residential consumers of gas.

This ensamble permits to mix, to match or to configure that spark plug operated
on wind/solar charged batteries of a whirlpool formed with a turbocharger turbine
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volute attached to a polyethylene (PE) tank using a stadium light parabolic reflector.
Biorefineries—from the new chemical compounds’ perspective—are linked to this
trajectory, at this point.

It is a radical innovation trajectory, once a wind or battery-powered plasma spark
plug natural gas cracker for converting electricity and natural gas to hydrogen while
capturing solid carbon.

It could be related to a machine intentionally designed to perform a simple task in
an indirect and overcomplicated fashion (that Rube Goldberg Machine).

The main assignees of this trajectory, not all existing companies or
institutions, are:

* Modar, Inc. (Natick, MA) (it is not an active enterprise).

* Modell Development Corporation (Framingham, MA) (it is not an active
enterprise).

* EarthRenew, Inc. (Half Moon Bay, CA)—(acquired by Valencia Ventures Inc.
in 2017).

¢ Foret Plasma Labs, LLC (The Woodlands, TX).

5.2.2.6 TT3: Waste for Renewable Fuels, Wastewater and Biomass
Treatment Through Biological Processes

This trajectory is performed almost by 100% of biological treatment of water, waste
and sewage, characterized by microorganisms use. It is based on enzymes, micro-
biology (principally anaerobic digestion processes), and biocatalysis. That is why it
is also composed of some filtering and microorganisms selection industrial
processes.

The principal products are related with biorefineries, once the platforms are
typically those from the renewable energy from biomass and carbon byproducts; it
includes syngas—that may be converted to alcohol which may be stored, sold, used,
or fed directly to a reactor for production of biodiesel. Methane, as well as other
energy-valued gases, as biogas are some of the profiled materials from this
trajectory.

Fertilizers are another branch of those bioproducts trajectory, in which the waste
material is used, concerning the reuse of agricultural industrial processes byproduct
as molasses, typical of sugar cane ethanol industries.

Biomass waste use, while sequestering carbon, is an important character of this
trajectory. It involves carbon fiber or graphene materials products, a revolutionary
new material.

The main assignees of this trajectory, not all existing companies or
institutions, are:

* ExxonMobil Upstream Research Company (Spring, TX);
* McAlister Technologies, LLC (Phoenix, AZ).
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5.3 Conclusions

This investigation has generated qualified technological scenarios for the industrial
bioeconomy sector, concerning the “waste” innovation efforts.

By combining the IPC analysis with the Hummon and Doreian (1989) method for
selecting patents in citation networks, we were able to reconstruct the three main
technological trajectories for biorefineries while ensuring minimal interference by
the researcher. From these trajectories, it is possible to bridge current streams of
innovation on the “waste” frontier.

The “Pyrolysis/Combustion” technologies (TT1) has followed a long-established
trajectory within a mature industry. However, these products are not related to very
well-established markets, and the existing fossil oil and gas markets are highly
competitive and offer very thin margins for the emerging pyrolysis industry. Further
investigation, concerning these aspects, is obviously needed. The key advantage of
the pyrolysis platform is that bio-oil and biochar are intrinsically greenhouse
gas-neutral energy products, and any bio-oil cogenerated with biochar that is used
as a soil amendment is a greenhouse-gas-negative energy product. The market
advantages are that pyrolyzers can be scaled from small to large, pursuing economies
of scale. This condition is associated to the management of production and
processing of large volumes of biomass, at a large, centralized facility or network
of facilities and mills, reducing other production costs in the production chains—as
biomass transportation, storage and handling costs that accrue from processing
biomass through a distributed network of small facilities located close to the biomass
source.

TT2, the “Plasma Technologies” presents the most interesting knowledge and
industry technological spill over evolution. First, because it is related to a broader
cluster of markets, as energy from electricity or fuels; it enables, too, a greater market
penetration since these secondary energy carriers are compatible with gas turbines
and gas engines, characterized by a high electrical efficiency. Second, because the
cost savings associated with landfill avoidance and the added value of the potentially
marketable products are the main economical advantages of plasma gasification.
And third, there are advantages from an environmental point of view, once plasma
systems have the potential to offer a viable alternative to landfilling and conventional
incineration, with lower air pollution and virtually no residual waste streams requir-
ing final disposal.

These three competitive advantages are linked with an important innovation
diffusion dimension, the complementary assets needed to go to market, which are
still present at current markets, and can be managed in favor of the plasma company.
So, this trajectory is composed of the most market-driven solutions.

TT3, the “Renewables Through Biological Processes” Trajectory encompasses
some mature and available technical solutions. It has the broader spectrum of raw
material use and prime products interrelationships, once it can transform waste into
syngas, biodiesel, methane and graphenes. This characteristic may be an extremely
competitive one, despite the still demanding frontier given by the biological-based
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processes, which are more science-based. The potential for further biogas or meth-
ane production is remarkably high, once these industrial plants have two sources of
raw materials: municipal and agricultural waste. And, of course, it has the same TT2
characteristic, because it is related to a broader cluster of markets, as energy from
electricity or fuels, too.

In sum, the PCN approach was successful in identifying a set of complementary
technologies that can provide new technical opportunities/solutions for waste
biorefineries. These findings tend to reinforce some propositions present in Cherubin
(2010). The author stated that biorefinery platforms encompass a broad set of
bio-raw materials (including, generically, “waste”) that can be converted to
bio-based products and energy through jointly applied enabling technologies.

Our results concerning the three technological trajectories may help to point out
the main waste-to-energy and waste-to-chemical conversion technologies that
should be prioritized by private R & D efforts and by industrial policies focusing
on bioeconomy applications. This should be further investigated through the rele-
vant market evolution of the companies revealed in the technological trajectories.

The second investigation procedure was able to demonstrate other facts about the
waste biorefinery technologies pathways. The investigation revealed, through IPC
analysis, a broader and emerging group of technological areas that have been applied
for new challenge: the waste markets. This is anew R & D ensamble, performed by a
new knowledge variety: from 2003, there was a clear emergence of the organic
chemistry and biological techniques, as well as new methods of biological molecules
cracking and modification, using microrganisms enzymatic industrial processes.
Waste-to-energy production seems to be the main goal of those processes, followed
by a second one: biorefineries branch of chemical products, a bioeconomic waste-
derivated compounds industry.

Further investigation must put efforts into the understanding of the motives for
this shift, represented by the knowledge spillovers into a bioeconomy approach. Of
course, the first interpretation is that environmental and climate changes pressures on
industry performance. Moreover, there are methodological limitations to be consid-
ered in our approach. We use a general patent search query, i.e., the words “waste”
and “energy.” For this reason, we encourage other researchers to use this study to
find more specific search filters (e.g., “Waste Pyrolysis,” “Plasma”) that may help to
paint a more accurate picture of the main biorefineries technologies. Despite these
limitations, our results indicate that industry evolution is taking the newest path, the
bio-based one, at TT3, from biological processes; this seems to be an overly complex
technological emerging area, and further investigations will be needed, to search and
understand its industrial and innovation future potential.

In this context, it is possible to remark that the Waste Energy-Food-Feed-Chem-
ical-Materials technological trajectories are embedded in future markets.

Managing innovative waste materials markets is to take into account the complex
system of factors that must be considered in innovation diffusion as an uncertain and
highly risky set of phenomena. The uncertainty around the conditions that could
transform new technologies into mature markets can be qualified from three
dimensions.
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The first one is a micro-institutional approach, in which the firms’ activities are
placed at service of the innovative transition, that is, the efforts, at the level of
introducing new industrial routines involved in the implementation of new busi-
nesses and production systems. Innovation diffusion models—that can illustrate
those efforts, involve five factors at the firm’s level'!:

(a) Strategy—to enter new markets, to overcome competitors, to surpass market
entry barriers; this means to mobilize new funding and investment procedures
and new sorts of transaction costs to manage.

(b) Organization—to change old intra-mural routines of production or implement
new routines and managing processes around the new technological trajectory
production systems.

(c) Process—to implement new production processes and all the business adaptions
they demand, as supply chain organization, regulatory adaptations, etc.

(d) Learning—to create new cycles of cognitive rules (according to the new mar-
ket’s demands) among the firm’s actors and stakeholders; this implies managing
learning-by-doing, learning-by-adapting, and learning-by-interacting in new
internal routines, with the consequent learning costs.

(e) Networking—once innovative markets entry behaviors demand new market-
places dynamics of relationships: to search, select and internalize complemen-
tary skills, to access new sources of knowledge, to establish new kinds of
contracts, managing new patterns of property rights safeguarding, to cite just a
few of the steps needed to set a new standard of market’s interactions behaviors
that draw a new networking configuration. It is important to point that the level
of networking demanding behaviors, in themselves, is greater than in the cases of
industrial activities with mature technological trajectories.

For each new potential emerging business of the trajectories, a complex set of
innovation management demands will emerge. These emerging technological solu-
tions in the fields of waste management and waste to energy (e.g. electricity plants
from waste, electricity cogeneration from sugarcane bagasse, biogas, etc.) are
affecting several sectors, some with positive, others with negative effects on com-
petitiveness. Efforts to protect intellectual property rights must be high, but there is
also the derivative effect of ownership of the new, the so-called “temporary monop-
oly of the new,” that can break down some entry barriers or generate new markets.
Other kinds of efforts, as the new industrial production processes planning, valida-
tion and implementation, are costly, but they mean, for the firm, the epistemic
construction of new governance capabilities, which represents, once again, intangi-
ble assets of great competitive value.

In the same way, learning costs can reveal themselves as new knowledge-based
assets of start-ups companies or old companies' spin-offs enterprises: innovation-
driven costs and efforts can result in the leverage of the company’s value, in terms of
the addition of new valuation criteria for intangible assets.

" Quoting Tidd and Bessant 2009.
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The second dimension—at the meso-level of the firm—is contiguous to the
networking factor: it is related to the “fences” that separate the firm unit of analysis
from the market. It is related to a long-term firm’s performance planning and
operating fiscal and tax issues, raising funds behaviors and experimentations, taking
advantage of economic incentives, and acting as a central actor in the changes of new
regulatory standards demands by the diffusion of new productive and commercial
forms and behaviors. Illustrations can be found, again, in waste-to-energy agricul-
tural emerging sectors: if, at the micro-level, the innovation diffusion is focused on
firm’s routines, at the meso-level, network behaviors are not simply useful for
innovation catch up, but as a search and selection learning space in which enterprises
can apply experimentation cycles about the real effectiveness of their current supply
chain network, identifying potential network adverse ou positive effects. Comple-
mentary, a new network of stakeholders or shareholders can emerge from this kind
of effort, generating a new network whose rationality is positive for the adoption of
new technologies and the emergence of new markets. Competitors may not have
experienced the learning cycles necessary to outlive these scenarios, which means an
additional advantage for the innovative firm. That is why investments in innovation
management—despite the risks—can make the company more competitive.

These innovative efforts can change market conditions dramatically. This hap-
pens due to the adaptive pressure of innovation on incumbent firms.'> New markets
emergence starts in this meso-level layer: sustainable industrial processes have
received from countries’ governments and from international institutions oriented
for the sustainable transition, attention in terms of public policies innovation-driven
funding resources. Financial innovation is an interesting example of this spin off
effect of innovative systematic behaviors, at the meso-level: the payment for
ecosystemic services funding, and Carbon capture markets tools are good examples.

The broader and third dimension, at the macro-level, refers to the long-term
effects of those set of innovation management systematic collective efforts: the
sustainable transition goals.

Waste to energy-food-feed-chemical materials industry, conformed especially by
the bioeconomy, demonstrates a high potential for the sustainable transition, once it
represents the full renewable adaptative long-term cycles of natural resources uses
and exploration.
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"2 This change can or not happen, but applying these efforts increases the chance of change.
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Chapter 6 M)
Step Forward on Waste Biorefineries: e
Technology Bottlenecks and Perspective

on Commercialization

Rafaela Basso Sartori, Rosangela Rodrigues Dias, Leila Queiroz Zepka,
and Eduardo Jacob-Lopes

Abstract Biorefinery is a concept analogous to the current refineries of fuels and
petroleum derivatives. For this promising technology to become doable, it must be
considered the use of abundant biological raw materials, such as residual biomass.
However, based on the current maturity of waste biorefineries, unfortunately, they
are not competitive on a large scale. In this sense, it is important to identify the
technological bottlenecks so that they become sustainable and can produce products
with market potential. Noteworthy, given the global ecological awakening, the waste
biorefinery as a technology capable of mitigating or even eliminating the environ-
mental impacts of a determined product has reached a featured position. Thus, this
chapter bedding an overview of biorefineries, the main technological bottlenecks
found for their establishment, as well as an understanding of the state of the art and
the possibilities of achieving the technical and economic viability of waste
biorefineries.

6.1 Introduction

Due to the rapid growth of the world population and the global increase in energy
demand, new and fully sustainable energy sources are sorely needed (Fozer et al.
2017). According to estimates by the International Energy Agency, the demands for
fossil fuels, trade flows, and greenhouse gas (GHG) emissions will not be sustainable
until 2030. In order to consolidate the principle of climate justice and deepen the
discussion on the best ways to orchestrate the transition to carbon neutrality,
government policies have been adopted in recent years to drive global innovation
in clean energy products with the purpose of making them widely accessible (IEA
2016; Mathieu 2016).
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Biomass produced from residual sources is considered the principal future alter-
native raw material to replace fossil, suppling a various of materials and energy
products. In line with the vision of the bioeconomy, waste biorefineries are the ones
with the greatest potential for added value to production chains today (Meyer 2017).
A waste biorefinery is a facility analogous to an oil refinery and represents a genuine
waste management approach. This is because it allows the utilization of waste
resources to produce a variety of valuable chemicals and energy and this mitigates
the utilization of natural resources (Carneiro et al. 2017). However, for the imple-
mentation of a successful waste biorefinery, it is necessary to consider environmen-
tally and economically sustainable processing units and supply chains (IEA 2019).

Despite the obvious advantages associated with waste biorefineries, the most
effective operating conditions of the cultivation systems and the commercialization
of the resulting co-products, aimed at competing with resilient petroleum refineries,
have not yet been established (Depra et al. 2018). There has been a lot of discussion
about high energy requirements, high water consumption, complicated
pre-treatment, and insufficient market value when compared to fossil fuels (Fozer
et al. 2017). Therefore, the proper selection of a better operating system and the
development of these facilities on a large scale remain a major challenge for current
research.

In this sense, this book chapter aims to discuss the technological bottlenecks in
the establishment and commercialization perspectives of waste biorefineries. Ini-
tially, it presents the main assessments of biorefineries in general and provides a
more detailed view of microalgae biorefineries. Finally, it highlights its bottlenecks
and explores some of the emerging and developing technologies that are being
applied to overcome current technical and economic barriers, as well as the process
integration supported by the bioeconomy and life cycle assessment (LCA).

6.2 Biorefinery Assessment

Waste biorefineries have global interest, as they are part of the expanding
bioeconomies. They are capable of increasing the added value involving biomasses
of different raw materials, improving the perspectives related to environmental,
social, and economic factors. Thus, waste biorefineries are defined as “the sustain-
able processing of biomass in a spectrum of bio-based products (food, feed,
chemicals, materials) and sources of bioenergy (biofuels, energy and/or heat),”
being a concept described by the International Energy Agency in the Bioenergy
Task 42 (IEA) program (Aristizabal-Marulanda and Cardona Alzate 2019).

In the 1980s, Marchessault et al. (1988) started publications on the subject.
Today, there are already several reviews addressing biomass conversions, refining
them into various forms of bioenergy and other high-value products, also assessing
the economic and environmental impacts generated by raw materials from different
sources (Caldeira-Pires et al. 2013).
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As of 2015, the search for the exploration of emerging technological efficiency
began, where the focus is on the maximum use of biomass and, consequently, the
reduction of the emission of greenhouse gases and other pollutants, obtaining
products that are potential substitutes for those traditionally produced by conven-
tional sources (Jungmeier et al. 2015). Therefore, through these researches, it seeks
to mitigate them in a promising way, in order to contribute to the high demand for
energy (fuels, energy, and heat), food, feed ingredients, medicines, chemicals, and
other materials. However, there is an impasse in the commercialization of these
biorefineries, largely due to the lack of adequate comparison involving different
technologies and raw materials (Liu et al. 2021a).

6.3 Waste Biorefinery Feedstocks

Bioprocessing of waste in the production of value-added bioproducts and metabo-
lites is not just about energy and environmental safety issues, but also about better
waste stream management (as it focuses on recycling and reusing these wastes)
(Leong et al. 2021). Therefore, it is an ecologically and economically viable plat-
form, as the raw material for production is sustainable and of low cost, which in this
case can be the link between environmental protection, the economy, and the circular
economy promoted by government policies (European Commission 2015; Venkata
Mohan et al. 2016).

The chemical composition of various types of biomass makes them suitable for
different conversion systems. All types of waste can be used as a raw material to
produce a considerable amount of high-value products through a variety of
bioprocesses (Karunanithi et al. 2016). Figure 6.1 illustrates the main raw materials
used in waste biorefineries. Among them, those considered in the literature for waste
biorefineries are industrial waste, crops and agricultural waste, municipal waste,
aquatic organisms, wood waste, herbs, and fertilizers.

6.3.1 Agricultural Wastes

The generation of organic waste from agriculture is currently highlighted due to the
urgent need to discover new research and development solutions, as it represents a
gigantic source of waste generation allocated to the environment. Among the main
responsible crops, most of these residues refer to the production of rice, soybeans,
wheat, cotton, and corn, or it refers to any other type of lignocellulosic residue
produced by the agro-food industries in their daily operations, such as leaves, roots,
stems, bark, bagasse, and seeds (Nizami et al. 2017). Animal waste (e.g., slaughter-
house waste and manure) also represents another significant source of pollution in
this class, particularly due to greenhouse gas emissions (contributing about 20% of
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Fig. 6.1 Different sources of raw materials. Modified from Liu et al. (2021a, b)

total methane emissions in the world) and contamination, as it is often dumped
directly for estuaries and rivers without any pre-treatment (Sorathiya et al. 2014).

Although these residues represent a major source of pollution (most often pro-
duced by manure, agricultural and silage residues, wood chips, oil processing,
veterinary drugs, pesticides, and fertilizers) they provide a widely available, renew-
able, and practically biomass free for use in biorefineries (Sharma et al. 2019).
Globally, 140 billion tons of biomass from the agricultural sector are generated
each year. This volume of biomass can be transformed into large amounts of energy
and raw material, which is equivalent to approximately 50 billion tons of oil and
which can substantially move fossil fuels and reduce greenhouse gas emissions.
Furthermore, as raw material, agricultural residues have potential attractiveness for
conversion into various fuels and value-added products, such as bioethanol, acti-
vated carbon, biochar, organic fertilizer, natural fiber compounds, and
nanocomposites (Forster-Carneiro et al. 2013; Liu et al. 2021b).

6.3.2 Wood Residues, Herbs, and Manures

In particular, the composition of plant-based agricultural residues is very similar to
wood residues, consisting of cellulose (40-50%), hemicellulose (25-35%), lignin
(15-20%), and various extractives (2-8%) (Garlapati et al. 2020). The generation of
these waste originates, above all, in the pulp mills, paper mills, and wood
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manufacturing industries, including sawmills, pellet plants, and other wood
processing facilities (Andrade et al. 2017).

Biomass (such as