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Abstract New policy initiatives combined with rise in demand for transport fuel
have stimulated an increase in biofuel production throughout the world. Since the
beginning of bioenergy era, biofuel industries have been mostly dependent on
feedstocks with agricultural importance especially for production of bioethanol
and biodiesel. The main problem of conventional feedstocks such as edible crops
or oilseeds lies with the availability, demand and the cultivation of raw material
which may impact food production. Moreover, they require large arable land masses
and irrigation facilities giving rise to secondary problems such as high water
requirement leading to increase in production cost. Therefore, the current situation
demands such raw material for biofuel production that can overcome food versus
fuel scenario and water dependency. Various novel feedstocks like lignocellulosic
waste, municipal wastes, waste oils, sewage waste, non-edible oil seeds, forest
residues, microalgae, aquatic weeds and others which can be used to overcome
aforesaid issues and reduce the production cost have been mentioned in this chapter.
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2.1 Introduction

The potential of biofuel as an alternative to fossil fuel is immense which has led to
commercial production of biofuel for reduction in carbon emission (Paul et al. 2019).
New policy initiatives combined with rise in demand for transport fuel have stimu-
lated increase in biofuel production throughout the world. Adoption of mandates by
countries has increased regarding the consumption of biofuels produced domesti-
cally for energy security and improvement of air quality (IEA 2018). Predominantly,
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biofuels are obtained from renewable photosynthetic matters such as biomass,
micro- and macroalgae and various vascular plants. The primary products of biofuels
can be in solid, liquid or gaseous forms like burning pellets, or other forms of liquid
and gaseous biofuels but can be converted to other forms using various physical,
chemical and thermal techniques (Rodionova et al. 2017). However, the main
problem with conventional feedstocks lies with the availability and demand. The
cultivation of raw material requires large arable land masses and irrigation facilities
giving rise to secondary problems like food shortage and high water requirement.
Therefore, the current scenario demands such raw material for biofuel production
that can overcome ‘food versus fuel’ and water dependency. As a result, researchers,
energy sector and policy makers are showing great interest in searching novel
feedstock that can overcome aforesaid problems. Considerable research is currently
being held in the field of identifying raw materials that can be supplied continuously
without competing with food crops, optimizing and advancing conversion tech-
niques to gain more output and reducing the overall cost of production keeping in
view the environmental aspects. Emphasis is being given on waste materials such as
lignocellulosic waste, municipal wastes, waste oils, sewage waste, non-edible oil
seeds, forest residues, microalgae, aquatic weeds and other biomass which are
showing great potential for the production of biofuels (Alam et al. 2021; Vasić
et al. 2021). This chapter discusses current scenario of the biofuel production from
novel feedstocks.
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2.2 Biofuels

Biofuels may be described as liquid fuels derived from biomass used for transpor-
tation as an alternate to fossil fuel, including bioethanol derived from sugar, starch
and lignocellulosic feedstocks, and biodiesel derived from oils and fats. According
to the EASAC (2012) report, biofuels can be classified as first-, second- and third-
generation biofuel that is primarily based on the origin or the raw materials from
which they are extracted from such as biomass, waste materials or cultivated algae,
whereas the concept of fourth-generation and fifth-generation biofuel is still at the
elementary level of research. Biofuels of any generation are mainly derived from
cellulose, hemicellulose, sugar, starch vegetable and animal fats. However, the
general structure of biofuel doesn’t change with the change in biofuel generation.

2.2.1 First-Generation Biofuels

First-generation biofuels consist of edible feedstocks or food crops such as corn,
sugarcane, wheat, soya bean, rapeseed, coconut, palm, mustard, olive and others.
The uses of food crops were quite popular for the production of biofuel in the
beginning. High cost, competitiveness with food supplies and requirement of



extensive growth conditions created problems at the beginning of biodiesel era.
Availability of crops and comparatively easy conversion procedure are the main
benefits of the first-generation feedstocks. The risk of competing with arable land
and food supply, high cost of production and requirement of extensive growth
conditions were the main disadvantages in the use of these feedstocks that increase
the cost of food products creating ethical and sustainability issues (Gerbens-Leenes
2017). These drawbacks pushed researchers and policy makers to shift onto the
different alternate sources for biofuel production (Tariq et al. 2012).
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2.2.2 Second-Generation Biofuels

Drawbacks associated with first-generation biofuel feedstocks attracted researchers
to work on non-edible feedstocks such as forest or waste-derived lignocellulosic
biomass (LCB). The main advantages of these feedstocks apart from their no food
value are minimal environmental impact and not requiring surplus amounts of
fertilizer or water. The most prominent second-generation feedstocks include
forest-derived lignocelluloses like switchgrass, miscanthus, Indian grass seed crops
like jatropha, camelina, palm and rapeseed, waste cooking oil and municipal solid
waste (Shi et al. 2009; Pandey et al. 2012; Ho et al. 2014; Bharti et al. 2020).

The main disadvantages of second-generation fuels are that the yield of many
important non-edible plants like jatropha, jojoba and Karanja are not of the required
value to compete with fossil fuels. However, these plants can be cultivated in
nonarable and degraded lands. This being the main reason directly influences the
economy of society without hampering the food production. The second-generation
biofuel feedstock’s carbon footprint is much lower than fossil fuels (Naik et al.
2010); however, requirement of alcohol in large quantity during the production
process is one of the main drawbacks of second-generation biodiesel (Tariq et al.
2012).

2.2.3 Third-Generation Biofuels

First- and second-generation biofuels due to their various limitations demanded
exploration of alternative raw materials for the production of biofuels superior to
their predecessors. This led to the explorations of algal biomass for the third
generation of biofuel. Both microalgae and macroalgae have been greatly explored
owing to their high lipid content producing larger quantity of biofuel or indirectly as
feedstock biogas production through fermentation in shorter period of time. They
can convert light and carbon dioxide into various chemical compounds through
cellular activities like carbohydrate, lipid, protein, vitamin, etc. that can be utilized in
health, food supplement, energy and pharmaceutical industry (Costa and De Morais
2011). The advantages of third-generation biofuel feedstock include high growth



rate and productivity much higher than terrestrial plants that can be harvested in just
5–6 days after cultivation, high carbon sequestering potential, higher amount of oil
percentage and lesser influence on food supply. The main disadvantages of third-
generation biofuels are requirement of large investment, surplus amount of sunlight
and difficulties in oil production (Liew et al. 2014; Lamichhane et al. 2021).
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2.2.4 Fourth-Generation Biofuels

Fourth-generation biofuels are derived by genetically modifying microorganisms to
enhance quality and productivity. These microorganisms are modified to increase
intake of carbon dioxide for photosynthesis, creating an enhanced carbon sink to
enhance the overall growth. Some of the examples include Phaeodactylum
tricornutum sp., Chlamydomonas reinhardtii sp., Chlorella vulgaris, Thalassiosira
pseudonana sp., etc. which have been modified genetically to enhance the adapt-
ability and growth rate to increase the production and hence biofuel (Illman et al.
2000; Rizwan et al. 2017; Abdullah et al. 2019).

The genetically modified microorganisms and their environmental advantages
may include higher carbon dioxide sequestration and assimilation, the reduction of
GHGs and higher nutrient accumulation as well as nutrient tolerance making them
suitable for wastewater treatment (Zhu et al. 2017; Leong et al. 2019). Some
microorganisms and their modifications which have been reported in a few studies
are shown in Table 2.1.

Table 2.1 Modifications in microorganisms

Microorganism specie Modification result Reference

Chlamydomonas reinhardtii Two-fold increase in starch content and 2.4-
fold higher accumulation of TAG

Rengel et al.
(2018)

Chlamydomonas reinhardtii Increased productivity and 28.5% increase in
lipid content

Kao and Ng
(2017)

Chlamydomonas reinhardtii 56% increase in total lipid Tan and Lee
(2017)

Chlorella sorokiniana and
Chlorella vulgaris

2.2-fold increase in lipid accumulation Lin et al. (2018)

Chlorella vulgaris Increased productivity and 67% increase in
lipid content

Sarayloo et al.
(2018)

Phaeodactylum tricornutum 2.4-fold increase in lipid content Xue et al. (2017)

Nannochloropsis salina Biomass productivity increased 2.4 fold Vikramathithan
et al. (2020)

Thalassiosira pseudonana Three-fold increase in lipid content Trentacoste et al.
(2013)

Synechococcus elongatus 41% increase in carbon uptake Chen et al.
(2012)

Chlamydomonas reinhardtii 50% increase in photosynthetic efficiency Beckmann et al.
(2009)
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2.3 Types of Biofuels

With the reference to the source and feedstock, biofuels may be categorized into two
types: primary and secondary biofuels. Primary biofuels are obtained from the raw
material which can be applied in the biofuel production process in their natural/raw
form without needing any types of pretreatment or processing and are used to
produce heat and electricity. Some examples of primary biofuels include firewood,
animal waste, crop waste, etc. Secondary biofuels are generated from processed
waste or biomass and are converted into desired product by using various physical,
chemical and biological means. The first generation of biofuels is the production of
ethanol from starch. Biofuel can be further classified based on the state, nature and
raw material into bioethanol, biodiesel and biogas.

2.3.1 Bioethanol

Bioethanol are alcohols produced by fermentation of simple sugar, carbohydrate or
starch from crops such as maize, sugarcane, sorghum, soya bean, corn, etc. (Kumar
et al. 2018). Bioethanol are largest produced liquid biofuel used in transportation
industry as eco-friendly alternative to fossil fuel. Ethanol in its purest form possess
relatively low energy density and poor storage characteristics and are therefore
mostly used as additives in the blend of gasoline to enhance the energy density
and octane number and reduce vehicle emission (Goldemberg and Teixeira Coelho
2004; Radakovits et al. 2010). Cellulose-based biomass can be utilized as effective
feedstock to produce bioethanol, and several additions in the field of pretreatment
and microorganism-assisted fermentation have been adopted to enhance the produc-
tion process (Fatma et al. 2021).

2.3.2 Biodiesel

Biodiesel are produced from fats and oils from plant and animal origin through the
process of esterification and transesterification. Biodiesel is the second largest liquid
fuel utilized and produced after bioethanol used by transportation sector as a blend
with fossil fuel in any kind of biodiesel engine. Biodiesel are mostly used as blends
as the pure biodiesel burning may add up to NOx emissions and also cause problems
during winter due to low viscosity leading to performance and maintenance issues
(Ferreira et al. 2009). However, in blend it minimizes the emission of hydrocarbon
and particles (Fisher et al. 1995).
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2.3.3 Biogas

Biogas are obtained by fermenting organic feedstock with the help of anaerobic
microorganisms. Biogas is regarded as one of the cleanest burning biofuel from a
wide range of raw material. The most prominent advantage of biogas includes
possibility of liquefaction, hence enhancing the storage capacity and transportation
and can be supplied by same pipelines used to supply natural gas (Urban 2013). It is
also easy to make without any complications and therefore can be produced even by
farmers by using available raw materials like cow dung. The by-product after the
extraction of biogas can be used again as fertilizer.

2.4 Biofuel Production from Various Novel Feedstocks

The search for novel feedstock that is environmentally and economically better than
its predecessors has been a major research area since the first attempts at biofuel
production. Currently, the major focus is on the biofuel feedstocks that are readily
available, do not impact the global environment and are preferable if they assist in
carbon reduction, can achieve multiple outputs or otherwise are not a nuisance to
society; thus, biofuel production provides a mode of management. In current time,
biofuel production from lignocellulose-based feedstock such as non-edible feed-
stocks, waste materials, algae, weeds both terrestrial and aquatic, etc. is in momen-
tum and shows great potential for reducing fossil fuel dependency in the future.

2.4.1 Biofuel Production Using Biomass
and Lignocellulose-Based Feedstocks

Lignocellulosic biomass is one of the most attractive feedstocks for biofuel produc-
tion mainly due to its high energy content and renewable and inexpensive nature.
Lignocellulose-based feedstocks are predominant in cellulose (33–55 wt%), hemi-
celluloses (20–40 wt%) and lignin (10–25 wt%) along with several kinds of extrac-
tives such as flavonoids, terpenoids, steroids, fats, carbohydrates and lipids which
can be converted to various types of biofuels (Nanda et al. 2013). Most researches
related to the utilization of lignocellulosic feedstocks for biofuel production focus on
the biomasses which are considered waste in some regard or residues from other
mainstream human activities such as agriculture, forestry, industrial domestic, etc.
The main advantage of these kinds of feedstock includes elimination of food versus
fuel competition faced by biofuel production system mainly concerning dilemma of
fuel over food from land utilization. Most of the lignocellulosic wastes, in the present
time, either end up in landfills, burnt or get discarded in waterbodies. Therefore, the
effective utilization of these waste materials for the production of biofuel can lead to



several environmental impacts such as decreasing waste pollution and decreasing
GHG emission, thus called the next-generation biofuel feedstock. Some of the
lignocellulosic feedstocks currently being utilized for the production of biofuel are
mentioned below.
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2.4.1.1 Non-edible Forest Products

Non-edible forest products and forestry residues represent a massive source of
readily available biomass not needing additional land and other resources for biofuel
production. These can be obtained from the by-products of raw material which are
planted, processed and consumed. It is estimated that throughout the world around
501 million dry tonnes of forestry residues are generated every year (IEA 2010).
These include non-consumable forest residues which are the second-largest ligno-
cellulosic biomass source after agricultural residues. Forest products generally refer
to non-edible or sometimes toxic fruits and seeds, parts of trees and low wood value
species which can be important sources of LCB (lignocellulosic biomass) and
utilized in the production of bioenergy. Forestry residues are mainly generated
during and after logging and pruning operations and during the processing of
woods in industries. Forestry residues can be found in a considerable amount for
the production of bioenergy in the regions with large forest covers and high
industrial use of wood. These types of forest residues may include woodchips,
barks, hardwoods and sawdust which are utilized to produce burning pellets, pyrol-
ysis oil, liquid biofuels, etc. Ren et al. (2012) studied the microwave pyrolysis of
Douglas fir sawdust pellet and showed the highest bio-oil conversion of 57.8%.
Similarly, Heo et al. (2010) studied furniture sawdust bio-oil production using a
fluidized bed pyrolysis reactor and found the highest bio-oil conversion of 65%,
whereas ethanol production from sawdust was studied by Tulashie et al. (2021)
where they studied different acid hydrolysis for the conversion of substrate to
bioethanol and found the production to be as high as 80%. Wood chips and pruning
residues like barks also possess great biofuel potential which have been studied by
researchers like Chukwuneke et al. (2019) where they analysed mahogany wood
pyrolysis to produce bio-oil and found the maximum bio-oil yield to be 69.5 wt%.

Non-edible forest products include non-edible seed oils. These seeds may contain
some harmful compounds and therefore may be unfit for human consumption;
however, they can be successfully applied for the production of biofuels overcoming
the economic, environmental and food versus fuel problems. The oil extracted from
these non-edible seeds is mostly applied to produce biodiesel due to its liquid nature,
higher combustion efficiency, lower sulphur content, easy availability and appropri-
ate aromatic content (Shikha and Chauhan 2012). Also, it can help the competitive-
ness of biodiesel in price when compared to the biodiesel production from edible
vegetable oils. A detailed description of the non-edible seed oil is discussed later in
the chapter.



Aquatic weed specie Yield Reference
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2.4.1.2 Aquatic Weeds

Aquatic weeds are nuisance causing plants that grow in water interfering with the
intended use of water harming the environment and human welfare (Dhadse et al.
2021). Some aquatic biomasses such as Eichhornia crassipes (water hyacinth),
Pistia stratiotes (water lettuce), Salvinia molesta (water fern) and Lemna minor
(duckweed) have very high reproductive and doubling rate and invaded freshwater
ecosystem completely taking over the waterbody causing considerable socio-
economic problems (Alam et al. 2021). These aquatic weeds greatly affect the
water quality and biodiversity throughout the world but owing to their unique
physicochemical characteristics can be effectively used to produce several types of
biofuel. Aquatic weeds also possess the ability to surpass other kinds of biofuels
owing to their high reproductive rate. Other than that, aquatic weeds have a notable
amount of cellulose, hemicellulose, lignin, carbohydrate, sugar, etc. which are
essentially converted to several kinds of biofuels. Sugar undergoes direct fermenta-
tion to produce bioethanol; lignin parts are utilized to produce bio-oil, heat energy
and combustible gases through thermochemical conversion. Aquatic weed also
possesses lipids which are essentially made up of modified fatty acids which are
converted into biodiesel through the process of transesterification (Naik et al. 2010).
This biomass can also be utilized to produce liquid biofuel like biomethanol,
biobutanol and gaseous biofuels like biohydrogen using biological conversion
method and biomethane using anaerobic digestion (Bhattacharya and Kumar 2010;
Nong et al. 2020). Different biofuels produced from various aquatic weeds are
mentioned in Table 2.2.

Table 2.2 Different types of bioethanol extracted from aquatic weed species

Biofuel
produced

Pistia stratiotes (water cabbage) Bioethanol 15.385 g/
L

Whangchai et al. (2021)

Pistia stratiotes (water cabbage) Biomethane 72.5% Güngören Madenoğlu et al.
(2019)

Eichhornia crassipes (water
hyacinth)

Bioethanol 0.23 g/g Figueroa-Torres et al. (2020)

Eichhornia crassipes (water
hyacinth)

Biomethane 53–58% Rathod et al. (2018)

Eichhornia crassipes (water
hyacinth)

Biohydrogen 65 mmol/
L

Carreño Sayago and Rodríguez
(2018)

Victoria amazonica (giant water
lily)

Bioethanol 4.82 g/L Junluthin et al. (2021)

Pichia stipites (kariba weed) Bioethanol 13.7 g/L Chupaza et al. (2021)

Wolffia globosa (Asian water
meal)

Bioethanol 170 g/kg Soda et al. (2015)

Ceratophyllum demersum
L. (coontail)

Bioethanol 2.92 g/L Kusolsongtawee et al. (2018)

Lemna gibba L. (duckweed) Bioethanol 20% Dhruba et al. (2010)
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2.4.1.3 Microalgae

Biofuel derived from algae has become a promising alternative fuel which ensures
sustainable and stable transport fuel supply. Moreover, the use of algal diesel blend
in gas turbine systems, compression ignition engines as well as aviation fuel has
proven to be viable (Chiong et al. 2018). The required setup for harvesting,
pretreatment and production questions the feasibility of microalgal biofuel genera-
tion. The extractives having nutraceuticals, therapeutics and cosmetic value derived
from algal biomass, before as well as after oil extraction, have been reported in
various studies. It has been reported that β-carotene, an algal chemical in its cis form,
can create a profit of about USD600 million/kg. Additionally, leading market analyst
companies have estimated that the value of omega fatty acids will stand at USD18.95
billion by 2020, carotenoid at USD1.53 billion by 2021, astaxanthin at USD814.1
million by 2022 and lutein at USD357.7 million by 2024 (Kumar and Bharadvaja
2020). Botryococcus, Chlorella sp., C. reinhardtii, Dunaliella, Isochrysis galbana,
Monodus subterraneus, Nannochloropsis, Phaeodactylum tricornutum,
Scenedesmus, Spirulina and Tetraselmis are biodiesel-rich microalgae genera with
higher biomass productivity of about 20–200 mg/L/day. A study conducted using
S. dimorphus and S. obliquus used chelate promoter, Ni(ɪɪ)-Schiff base and Ni/H2

catalyst, to carry out higher yield of algal oil. The microalgal biodiesels were found
to have higher cetane number and oxidation stability (Vadivel et al. 2020). It was
found that through solvent extraction method, maximum ester yield of 82.33% was
derived from Botryococcus braunii at 55 �C. It was also noted that the rate of
conversion increases with increasing temperature (Prasad et al. 2015). Through
Soxhlet extraction method, it was observed that in Spirogyra the lipid yield
(55–80%) was higher in 100% dried sample and lowest in 50% dried sample
(Konga et al. 2017), while Cladophora in similar growth conditions showed higher
yield (90–95%) (Verma et al. 2016). Moreover, the concept of genome editing has
revolutionized the biotechnological sector with its unique ability to identify, manip-
ulate as well as isolate nucleic acid sequences changing the landscape of microor-
ganism and crop-based biofuels (Shokravi et al. 2021). Few of the recent
advancement in genome editing are described in Table 2.3.

2.4.2 Biofuel Production Using Non-edible Oilseeds

Urban expansion and agriculture have led to increase in deforestation leading to the
decline in biodiversity and destruction of ecosystem. The competition towards the
same resource in food and biofuel sector raises the debate over food versus fuel. Due
to food scarcity in developing countries, conversion of food crop to biofuel could
create a food shortage problem. Non-edible oil-based biodiesel production provides
fuel security without compromising food supply (Islam et al. 2018). Furthermore, it
can be grown in unproductive and waste land assisting in land reclamation (Francis



Species Impact Reference

et al. 2005). Non-edible oil crops such as Jatropha curcas, Pongamia pinnata,
Calophyllum inophyllum, Madhuca indica, Ricinus communis, Hevea brasiliensis
and Azadirachta indica have proven to be promising alternatives as a biodiesel
feedstocks (Azam et al. 2005). Carica papaya is a tropical fruit that weighs from
200 g to 3000 g. The seed content is 15–20% of wet weight of papaya fruit that is
generally discarded (Daryono 2017). The oil content of these seeds is 30–34% with
properties very similar to that of olive oil. Wong and Othman (2014), through
enzymatic transesterification, extracted biodiesel from papaya seed using lipase at
a molar ratio of 6:1 of methanol/oil. Daryono (2017) produced biodiesel from
papaya seed using alkaline catalyst, and sodium hydroxide for the process of
transesterification. The papaya seed oil can also be transesterified using KOH as a
catalyst through single-stage method with 10:1 molar ratio of methanol/oil (Anwar
et al. 2018). It has been observed that the physicochemical properties of biodiesel
derived from papaya seed oil are very similar to that of diesel (Anwar et al. 2019).
The typical yield of seed pods annually for Ceiba pentandra, a drought-resistant
plant habitable in both subhumid and humid tropical regions, is estimated to be in the
range of 300–1000 (Kachrimanidou et al. 2016). These pods contain cotton-like
lustrous fibre embedded with about 120–175 seeds with the oil yield of 28%
w/w. Under suitable conditions, the yield of seeds from Ceiba pentandra may be
30 kg annually. The pods are typically 10–25-cm-long ellipsoidal capsule with a
diameter of 3–6 cm. According to Anwar et al. (2014), the iodine number for Ceiba
pentandra seed lies at 80–100 which indicates nondrying on exposure to air and also
has high free fatty acid content. The presence of cyclopropenoid fatty acids such as
sterculic and malvalic acids causes physiological reaction in animals which makes
C. pentandra a non-edible feedstock (Arumugam et al. 2020). Citrus aurantium is a
fruit grown in Iran that has a lot of seeds that are regarded as waste. The oil content in
seeds is about 38%. The maximum yield obtained from the novel feedstock via
transesterification process at the temperature of 60 �C with catalyst concentration of
1 wt% was 97%, consistent with the ASTM standards (Almasi et al. 2021). Different
non-edible oilseed and their oil content are mentioned in Table 2.4.
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Table 2.3 Recent account of genome editing in microorganisms

Technique
used

Targeted
gene

Chlamydomonas
reinhardtii

CRISPR-
Cas9

APT Enhanced editing efficiency Guzmán-
Zapata et al.
(2019)

Chlorella
vulgaris
UTEX395

CRISPR/
Cas9

NR, APT Enhanced editing efficiency Kim et al.
(2021)

Tetraselmis sp. CRISPR-
Cas9 RNP

AGP Enhanced lipid production Chang et al.
(2020)

Chlamydomonas
reinhardtii

CRISPRi PEPC1 Enhanced biomass concentra-
tion and lipid accumulation rate

Kao and Ng
(2017)
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Table 2.4 Oil content in non-edible seeds

Species Oil content (%) Reference

Ricinus communis (castor) 49.2 Román-Figueroa et al. (2020)

Azadirachta indica (neem) 30–60 Karmakar et al. (2012)

Pongamia pinnata (karanja) 40 Calica (2017)

Moringa oleifera (drumstick) 30–40 Mohammed et al. (2003)

Hevea brasiliensis (rubber) 40–50 Ramadhas et al. (2005)

Jatropha curcas (jatropha) 40 Abdelrahman et al. (2020)

Sapindus mukorossi (soapnut) 51 Uzoh et al. (2014)

2.4.3 Biofuel Production Using Waste Products

Globally, every year millions of tonnes of waste are generated from household,
industrial activities and agriculture that can create critical environmental and health
issue if not disposed or managed properly. Through processes like gasification,
pyrolysis, combustion and biological treatments, waste products/biomass may be
converted to useful forms (Bhatt et al. 2018). Lignocellulosic waste as a feedstock
has become popular for biofuel production (Kumari and Singh 2018). In recent
years, focus on sustainability assessment of biofuel production has become vital as
the emphasis on food versus fuel debate and the need for reduction in greenhouse gas
emission has increased. Keeping these issues in mind, industrial waste residue,
lignocellulosic waste and municipal solid waste are deemed as promising potential
feedstocks (Cortez et al. 2018).

2.4.3.1 Municipal Solid Waste

Municipal solid waste (MSW) is commonly referred to as trash or garbage, discarded
after use. MSW includes myriad of materials such as plastics, metals, medical wastes
and hazardous materials. They generally have higher sulphur. This makes the
selection of operating conditions and appropriate process paramount (Mukherjee
et al. 2020). MSW can be categorized as recyclable consisting of non-lignocellulosic
(glass, plastic, rubber, metals and others) and non-recyclable consisting of lignocel-
lulosic (paper, wood waste, textile waste, yard waste, food/kitchen waste) compo-
nents. In the lignocellulosic component, the main constituents are cellulose
(15.30–65.80%), lignin (11.40–43.80%) and lastly hemicelluloses (7.20–16.50%)
(Abdulyekeen et al. 2021). The average specific heat of combustion of MSW is
5–10 MJ/kg, while the elemental analysis depicts H2, O2, C, H2O and ash to be
1.5–3.4, 8–23, 17–30, 24–34 and 18–43% (Fabry et al. 2013). There are
765 MSW-based waste to energy (WTS) plants globally. They are relatively scarce
due to lack of support from the government and high capital cost (Wilson and Velis
2015). It is estimated that that per tonne MSW, the yield achieved can be 5.7 kg
acetone, 12.2 kg butanol, 1.5 kg ethanol and 0.9 kg hydrogen (Meng et al. 2019).
The fraction of MSW composed of kitchen waste, food waste and remnants from



Component References

restaurants, residents, cafeterias, factory lunch rooms and gardens are called the
organic fractions of municipal solid waste (OFMSW) (Campuzano and González-
Martínez 2016). Since the availability of OFMSW is high and free of cost, its use in
energy production could be an economical and technically viable alternative
(Romero-Cedillo et al. 2017; Tyagi et al. 2018). It was observed that in source-
segregated OFMSW, the biogas yield per tonne was slightly higher (111.1 m3/tonne)
in comparison with mechanically sorted OFMSW (105.3 m3/tonne) (Seruga et al.
2020). Various component of municipal solid wastes and their bioenergy potential
are mentioned in Table 2.5.
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Table 2.5 Bioenergy potential in various MSW

Fixed
carbon (%)

Moisture
content
(%)

Ash
content
(%)

Calorific
value
(MJ kg�1)

Kitchen
food waste

7.19–16.60 9.60–79.00 0.80–20.93 15.34–18.10 Liu et al. (2014),
Samad et al. (2018),
and Huang et al. (2019)

Wood
waste

17.29–20.16 5.21–66.00 5.29–7.31 17.73–19.46 Zhou et al. (2014),
Samad et al. (2017),
and Rago et al. (2020)

Paper 9.60–12.11 4.43–13.15 0.23–12.20 14.00–18.24 Zhou et al. (2014) and
Rago et al. (2020)

Plastic 0.56 0.02–1.1 0.04–0.50 21.90–46.69 Zhao et al. (2016) and
Rago et al. (2018)

Textile 0.71–13.75 5.25–13.75 0.41–3.56 16.51–20.16 Zhao et al. (2016) and
Rago et al. (2020)

2.4.3.2 Waste Oils

Cooking and waste lubricating oil, degraded or contaminated after use, is generally
referred to as waste oils. Waste oils derived from transmission oil, engine oil, cutting
oil and hydraulic constitutes waste lubricating oil. Waste cooking oil is derived from
coconut, soya bean, palm tree, sunflower, rapeseed, olive and cotton seed. Due to the
presence of undesired substances and degraded additives, they are known to be
hazardous substances which could bring about negative impacts to human health
(e.g. reproductive, mutagenic and carcinogenic effects) and environment (e.g. fragile
ecosystem, soil and water pollution and climate changes) (Lam et al. 2015). The
open frying process alters the structure of cooking oil by free radical mechanism
resulted by oxidation reaction. Through this primary oxidation process,
hyperperoxide is produced which may oxidize further into 4-hydroxy-2-alkenals, a
very reactive and toxic compound (Choe and Min 2007). Approximately, 50% of
lubricating oil is produced as waste after operations resulted due to inefficiency of
machinery. This has led to the generation of 20 million tonnes of waste oil.
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There are new developments in waste oil-derived biofuel. Mićić et al. (2019)
suggested a novel drying method which used silica as an absorbent instead of using
carrier gas or distillation for water removal. It was noted that at 220 �C highest
conversion can be obtained and FFA was reduced from the initial 8.6–1.6% at
optimal conditions. Lam et al. (2019) mixed empty fruit batch from palm oil industry
with waste oil for the production of high-quality solid fuel product with a higher
heating value of 28 MJ/kg. Altalhi et al. (2021) performed catalytic pyrolysis of
WCO through synthesis of heterogeneous acidic catalyst derived by sulphonation of
modified alumina. Through the engine test investigation, the blend of biofuel-diesel
indicated the suitability of B30 blend. Jahromi et al. (2021) studied the reaction
between WCO and cyclic oxygenated hydrocarbons for novel biolubricant produc-
tion through the process of hydrolysis, ketonization and Friedel-Crafts alkylation
followed by hydrotreatment.

2.4.3.3 Sewage Wastes

The quantity of sewage sludge has increased with rapid growth in population
globally. High content of organic matter, nutrient, salt, microelements, pathogens
and heavy metals poses serious threat to health and well-being of human and
ecosystem making its appropriate disposal mandatory (Kijo-Kleczkowska et al.
2016). Sewage sludge accounts for 1–2% of wastewater treated generated by
wastewater treatment plants (Wzorek 2021). The relationship between generation
of sewage sludge and the efficiency of treatment systems is proportional; the greater
the sophistication of treatment plant, the higher waste generation occurs (Wzorek
2021). It has been estimated that the total electrical energy output utilized by these
facilities is about 1–3% of a country (Capodaglio and Olsson 2020). In comparison
with industrial sewage sludge, municipal sewage sludge contains higher amount of
organic matter; this makes the municipal sewage sludge more suitable in regard to
energy generation (Djandja et al. 2020). Wood processing and industrial pulping
results in cellulose and lignin content in sewage sludge. Cellulose content ranges
from 8.0 to 15.0, 8.0 to 15.0 and 7.0 to 9.7 wt% in untreated, digested and secondary
sludge, respectively (Kacprzak et al. 2017). For higher heating value, lignin and
volatile content in sewage sludge generally accounts for 11–26 MJ/kg, 23–29% and
30–88 wt%, respectively (Kacprzak et al. 2017).

Thermal processes including gasification, combustion and pyrolysis are applied
for reducing both volume and mass of sewage sludge (Oladejo et al. 2019). Gasifi-
cation and pyrolysis along with mass reduction can also generate gaseous and liquid
fuel (Capodaglio et al. 2016). The pyrolysis product of sewage sludge includes CO2,
CO, H2, CH4, condensable compounds, hydrocarbons, bio-oil and biochar (Gao
et al. 2016). It was observed that fast pyrolysis of sewage sludge at the temperature
of 450–550 �C in fluidized bed reactors provides the oil yield of 30–70 wt% (Arazo
et al. 2017), while for conventional pyrolysis, the yield of bio-oil extracted was
around 51–80 wt% (Alvarez et al. 2015). Through fast pyrolysis, it was observed
that depending on the material weight input, the yield of oil, gas and char was



between 60 and 70 wt%, 10 and 20% and 15 and 25%, respectively (Djandja et al.
2020). For the production of solid biofuel, hydrothermal carbonization on sewage
sludge was performed at different temperature and residence time. It was observed
that hydrochar with highest HHV was produced at 150 �C for 30 min, while the
maximum yield of hydrochar was found at 150 �C for 60 min (Silva et al. 2020).
Wang et al. (2020) studied hydrothermal carbonization of sewage sludge mixed with
phenolic wastewater and found that the hydrochar yield and higher HHV increased
substantially by 1.83–31.11% and 1.01–10.01%, respectively, while ash content
decreased by 1.39–25.68% (Wang et al. 2020). Ghodke et al. (2021) carried out
pyrolysis of sewage sludge and obtained maximum yield of bio-oil, gas and biochar
(22.4%, 18.9% and 58.7%, respectively) at 500 �C.

30 Z. Khalid et al.

2.5 Challenges of Using Novel Feedstocks

There is an immense need for novel feedstocks for overcoming the demand for
viable, feasible as well as sustainable biofuels. The biggest challenge of using novel
feedstock is lack of available literature regarding the same. In regard to non-edible
forest products, the main challenges are collection, harvest, seasonal availability and
improper marketing channels (Shaah et al. 2021). Aquatic weeds have relatively
lower lipid content in comparison with other biodiesel feedstock which results in
lower biodiesel yield. High water content (�90%) in tissue of aquatic weed may
affect biofuel conversion process. The high content of sulphur in water hyacinth may
result in production of corrosive substance that can reduce fuel efficiency (Nawaj
Alam et al. 2021). Moreover, irregular supply, complex structural makeup and high
pretreatment cost of aquatic weed pose a challenge (Alam et al. 2021). The high cost
of production of biofuels from microalgae at industrial scale and concerns regarding
the impacts of genetically engineered microalgae on environment are major chal-
lenges (Guldhe et al. 2017; Varela Villarreal et al. 2020). While the biowaste
biorefinery has gained attention for its utilization of biowaste and converting it
into high-value bioproducts, the basic problem is high pretreatment cost. With
conventional approach, significant amount of chemicals is used generating large
volume of hazardous sludge that requires safe disposal. There is a need for further
research to look for alternatives and technology to overcome these issues.

2.6 Future Prospects and Conclusion

Biofuels as a renewable energy source have notable advantages. In comparison with
fossil fuel, they significantly reduce carbon emission, particulate matter and
micropollutants. They can be available on demand, are transportable and are easily
storable energy source. For biofuel and bioenergy production, copious volume of
feedstock is required. This has resulted in the development of novel feedstocks and



novel techniques for existing feedstocks. To overcome the debate of food versus
fuel, the potential of unconventional feedstocks such as non-edible oilseeds and
forest products, aquatic weed, macro-/microalgae as well as waste products (waste
oil, municipal solid waste and sewage waste) is being investigated. Though these
novel feedstocks prove to be a promising source, there lays certain challenges in
their implementation like irregular supply, high harvesting and pretreatment cost and
improper marketing channel. Moreover, the genetic manipulation of feedstock
causes a debate of its safety towards the environment. The future of these biofuels
is based on developing cost-effective approaches for the most operationally efficient
technologies and development of policies encouraging sustainable energy produc-
tion through the recognition of various environmental benefits. Moreover, the study
into circular economy as well as life cycle assessment is imperative to analyse the
pros and cons of these novel feedstocks for biofuels.
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