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ABSTRACT

The world is currently facing severe energy crisis due
to incessant increase in energy demands and depletion
of fossil fuels. Besides, there is an increasing percep-
tion of the end of cheap fossil era. Therefore, there
is an urge of shifting dependency from finite fossil
fuels to renewable resources. Agricultural waste is a
huge pool of untapped bio- mass resources, that can
be converted to bio-energy and bio-based products.
The idea of manufacturing the energy rich bio- based
products are analogous to integrated petroleum refin-
ery, commonly known as bio-refinery.
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INTRODUCTION

The food and energy security of the globe is inevitable
for the viability of human civilization. The increase
in energy demands and exhaustion of fossil fuels
have caused severe energy crisis around the world.
In addition, the escalating cost of fuels coupled with
climate change, pollution and loss of bio-diversity has
called for the need of alternative resources. Among
the energy sources, bio-mass resources are extremely
promising since they are widespread and cheaply
available in most of the countries. To enhance the
resource utilization efficiency and manage organic
wastes in primary production, bio-refinery is of
supreme prominence to promote sustainability, en-
vironmental and food security.

Bio-refinery

The term “Bio-refinery” was introduced in 1990 by
the National Renewable Energy Laboratory. The
bio-refinery concept embraces broader scale of tech-
nologies that are capable to discrete bio-mass resourc-
es into its components and to value-added products,
bio-fuels, and chemicals. Bio-refineries encompasses
with the usage of bio-mas and its conversion to fuels,
heat, electricity, high-value chemicals and other bio-
based products (Kumar and Yaashikaa 2020).

Bio-mass is the bio-residue derived from liv-
ing or dead plant parts of forestry, agriculture and
water-based flora (Kumar et al. 2020). The various
bio-mass resources available are agricultural residues,
animal waste, household waste, aquatic bio-mass,
forest wood, saw dust and energy crops.



Development of closed-loop bio-refineries
that ensure sustainability and economic viability
through complete use of bio-mass, minimal waste
and generation of energy rich products from available
sources forms the bio-refinery system. This results
in increase in profitability and competitiveness over
petrochemical equivalents. Choudhary et al. (2018)
classified bio-refinery based on the origin and type of
feedstock as first-generation (1G) bio-refinery, sec-
ond-generation (2G) bio-refinery and third-generation
(3G) bio-refinery.

First generation (1g) bio-refinery

The source of raw materials in the first-generation
bio-refineries consists of the sugar or starch portion
of cereals and tuber crops and seeds of oilseed crops
(Rutz and Janssen 2007). The starch crops undergo
mechanical fractionation, hydrolysis and fermenta-
tion for the production of bio-ethanol and animal
feed. Whereas the procedural steps for bio-diesel are
pressing, oil extraction and esterification of oilseed
crops (Cherubini et al. 2010). Prasad et al. (2007)
reported that among the different bio-fuel production
systems, average net energy production (GJ ha'! yr')
from palm oil recorded significantly highest value. It
was also reported that the average greenhouse gases
(GHG) emissions from the bio-fuel production sys-
tems (g CO, eq. MJ ') was significantly lower than
conventional gasoline and diesel.

Despite of the elevated production of bio-fuel and
other energy rich value-added products, first-gener-
ation bio-refineries became unnoticeable due to its
dependence on edible reserves. This type of bio-refin-
eries created a food versus energy conflict (Agbor et
al. 2011). In India, 5 x 108t of agricultural residues are
generated annually (Sarsaiya ef al. 2019). Therefore,

Table 1. Fractions of major components in lignocellulosic bio-mass.
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exploring the potential of non-edible lignocellulosic
residues led to the advancement of second-generation
bio- refinery.

Second generation (2g) bio-refinery

Lignocellulosic bio-mass is a potential renewable
source of energy to mitigate the global climate
change. The monetary value of the bio-mass residues
can be maximized by converting into useful bio-ma-
terials in an integrated manner, thereby reducing the
waste piles liberated (Thomsen 2005). Besides, it
can ensure energy security of the rural economy. But,
cost effective methods of converting lignocellulosic
residues into bio- fuel and other high priced products
are laborious, due to the complex framework and
obstinance of lignocellulose.

Lignocellulosic bio-mass can be grouped into
agricultural residues (straw, bagasse stover), energy
crops, aquatic flora and forest (Zabed et al. 2017). The
important constituents of lignocellulosic bio-mass
are cellulose, hemicellulose and lignin (Menon and
Rao 2012). Based on the type of bio-mass, amount of
cellulose, hemicellulose and lignin varies (Table 1).

The bio-mass is converted to energy by ther-
mochemical and bio-chemical/bio-logical processes
(Bhuyan et al. 2019). The thermal conversion tech-
nologies consist of a series of steps viz., pyrolysis,
bio-mass gasification, combustion, and liquefaction.
Thermochemical conversion processes are advanta-
geous than bio-chemical conversion techniques with
regard to the flexibility, time of reaction and potential
to use all types of bio-mass.

Bio-conversion of lignocellulosic bio-mass into
ethanol includes a series of steps viz., pre-treatment

Bio-mass Cellulose Hemicellulose Lignin Reference

(%) (%) (%)
Corn stover 39 25 13 Saini et al. 2015
Sugarcane bagasse 45 22 31 Kim and Day 2011
Rice straw 34 25 13 Saini et al. 2015
Wheat straw 35 28 18 Saini et al. 2015
Cotton 90 10 0 Menon and Rao 2012




1124

and fractionation of bio-mass, generation of lytic en-
zymes, enzymatic hydrolysis of pre-treated bio-mass,
microbial fermentation and downstream processing
(Patel and Shah 2021). Pre-treatment is an inevitable
process for the breakdown of tightly interlinked ma-
trix of lignocellulose. For the subsequent hydrolytic
processes, removal of lignin, hydrolysis of hemicellu-
lose and reduction of cellulose are necessary to make
the bio-mass more amenable to release fermentable
sugars (Sukumaran et al. 2017). Among the different
pre-treatment methods, steam explosion by saturated
steam (483 K and 0.69 to 4.83 MPa) for 5 minutes
undergoes hydrolysis of 80-100% of hemicellulose
(Maity et al. 2014).

Conversion of cellulose and hemicellulose in
the presence of enzymes is the bottleneck in usage
of bio-mass for the production of bio-fuel and other
high valued products. A combination of enzymes viz.,
endoglucanases, exoglucanses and glucosidases are
essential for the total hydrolysis of cellulose to glu-
cose (Saini et al. 2015). Hemicellulases like xylanase,
mannanase, arabinose, mannosidase and xylosidase
(main-chain-cleaving enzymes) and esterases, L—
arabinofuranosidase (side-chain- cleaving enzymes)
increase the cellulose accessibility by solubilizing
hemicelluloses. Lignolytic enzymes like laccase,
manganese peroxidase (MnP) and lignin peroxidase
(LiP), play a pivotal role in the removal of lignin and
facilitating enzymatic saccharification of bio-mass
(Chukwuma ef al. 2020).

Several fermentation processes are available for
the production of 2G ethanol from lignocellulosic
bio-mass. Micro-organisms like Saccharomyces
cerevisiae, ferments hexoses to ethanol efficiently.
Xylose-fermenting yeasts (Candida tropicalis, Can-
dida shehatae), filamentous fungi (Fusarium oxyspo-
rum, Rhizopus oryzae and Mucor circinelloides) and
ethanologenic xylose-fermenting bacteria (Klebsiella
oxytoca and Escherichia coli) aids in xylose fermen-
tation (Komeda et al. 2014).

Among the different types of fermentation
processes, batch process and fed-batch process are
commonly preferred due to lesser contamination
and higher ethanol yield. For fed batch process, the
feeding time is 4—6 hours and fermentation time of
6-10 hours.

A normal E10 blend (10% ethanol blend with
gasoline) reduce GHG emissions, fossil energy use
and petroleum use by 2, 3 and 6% respectively (Chen
and Fu 2016).

Production of 2G ethanol from lignocellulosic
bio-mass has increased despite of the challenges
which obstructs the progress of cost effective produc-
tion of ethanol. The world wide trend in production of
ethanol showed that the leading producers are USA
followed by Brazil and European Union (RFA 2020).

Government initiatives for 2G ethanol

Pradhan Mantri JI-VAN Yojana, provides financial
outlay of Rs 1969.50 crore (2018-19 to 2023-24) to 12
integrated bio-ethanol projects using lignocellulosic
bio-mass and other renewable sources. Another im-
portant initiative was Ethanol Blended Petrol (EBP)
program which aims to attain 10% and 20% ethanol
blending in petrol by 2021-22 and 2030 respectively.

Bio-refining energy crops

In the recent future, the lignocellulosic C4 crops Mis-
canthus sinensis (silver grass) and Panicum virgatum
(switch grass), are likely to outcompete Saccharum
officinarum. Silver grass and switch grass have a
potential to produce 2960 gal ha' and 1040 gal ha™!
of ethanol from 29.6 Mg ha' and 10.4 Mg ha' of
biomass respectively (Heaton et al. 2008). Compared
to other bio-mass sources, C4 grasses may be able to
produce more than double the annual bio-mass yield
in warm and temperate regions due to its photosyn-
thetic pathway (Reijnders 2010).

Pontederia crassipes as a potential bio-fuel crop

Pontederia crassipes was introduced from South
America to India in 1896, as an ornamental crop.
However, it was discovered that it could be sustain-
ably managed in its natural ecosystem and used in
bio-fuel production (i.e., bio-ethanol and bio-gas).
Water hyacinth has low lignin (10%) and higher
amounts of cellulose (20%) and hemicellulose (33%)
(Gunnarsson and Petersen 2007). Because of the
low lignin content in water hyacinth, cellulose and
hemicellulose fraction can be easily transformed into



Table 2. Hemi-cellulose based value added products.
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Reference

Value added product Application

Lactic acid Pharmaceuticals, chemicals compounds and bio-polymers

Xylitol low-calorie sweetener in toothpastes, chewing gums, anti-
diabetic products and against dental problems

Xylooligosaccharides Prebio-tic activity and health benefits to humans and ani-

Polyhydroxyalkanoates

Furfural

mals. Antioxidant and anti-allergicproperties. Control obe-
sity, lipid and glucose homeostasis, insulin sensitivity, con-
trol diabetes, and in cure of gastrointestinal infections
Compostable bio-based polyesters, for integrated bio-refi-
nery

Preparation of inks, adhesives, nematicides, fertilizers,

(Abdel-Rahman and Sonomoto 2016)
(Irmak et al. 2017)

(Jain et al. 2015)

(Snell and Peoples 2009)

(Raman and Gnansounou 2015)

fungicides and flavoring compounds

fermentable sugar and consequently to energy rich
products (Bhattacharya and Kumar 2010).

Bio-diesel

Bio-diesel is derived from renewable resources like
vegetable oils or animal fats and short chain alcohols,
through trans-esterification reaction (Fukuda et al.
2001) In this reaction ester is converted into a mix-
ture of fatty acids esters which is purified to obtain
bio-diesel. A basic, acidic or enzymatic catalyst can be
used to accelerate the reaction. Since cost is the major
concern in bio-diesel production, use of non-edible
vegetable oils in presence of basic, acidic or enzy-
matic catalyst have been studied for several years.

Value added products
Hemicellulose-based value added products

During pre-treatments like acid hydrolysis and steam
explosion, hemicelluloses are prone to degradation
and is considered as the most underutilized fraction
during the bio-conversion of lingo-cellulosic bio-
mass to ethanol. The list of hemicellulose based value
added products are given in Table 2.

Among the value added products from lignin,
vanillin is the most important product. It is most
widely used as a flavoring agent. Besides, it is used
for the production of polymers viz., poly-vanillin,
hydrogels and polyethylene. Vanillin alcohol is used
for the production of plastics and polyesters (Ahmad
and Pant 2018).

Bio-plastic production from renewable lignocellulosic
feedstocks

Heavy use of plastic products had adverse impact on
mammalian health and environment (Thompson et al.
2009). There is growing attention to boost the growth
of bio- plastics, which hampers several benefits over
petroleum derived plastics, like low greenhouse gas
emission and bio-degradation.

Ligno-cellulosic materials have huge potential
to develop eco-friendly bio-plastic because of their
abundance, non-edible nature and renewability (Dee-
pa et al. 2019). Both lignin and cellulose materials
can be easily converted to bio-plastics through surface
modifications and chemical conversions processes.
Polylactic acid, polyhydroxyalkanoates, polyure-
thanes, bio-polyethylene and starch based bio-plastics
are the common bio-based plastics generated from
lignin and cellulose (Reshmy et al. 2021).

Third generation (3g) bio-refinery

Microalgae can be used as a bio-fuel feedstock in suc-
cessfully handling the energy chaos, climate change
and natural resource decrement (Chew ef al. 2017). It
is a storehouse of proteins, lipids and carbohydrates.
Lipids from microalgae can be extracted and used as
potential feedstock for producing bio-diesel. Micro
algal carbohydrates act as the main source of carbon
in fermentation processes to substitute conventional
carbohydrate sources such as simple sugars. Some
long chain fatty acids present in microalgae are uti-
lized as food supplements, whereas, pharmaceutical
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value have been identified in several proteins and
pigments (Yen et al. 2013). An oil content of at least
20-50% is seen in microalgae viz., Botryococcus
braunii, Chlorella sp.

Nannochloris sp. Khoo et al. (2013) reported
that starch and cellulose derived from algal biomass
through mechanical bob or enzyme hydrolysis are
used for the production of bio-ethanol. Algae can
grow on non-arable lands and do not change land
usage. Carbon dioxide produced in industrial flue
gases is also used in the production of algal biomass.
Fresh water is not an essential requirement for algal
biomass cultivation. Waste water from industrial
and domestic sewage can be used for its cultivation.
The major hurdle between production and commer-
cialization of algal bio- fuels is the cost incurred in
processing algal biomass. Harvesting corresponds to
about 20-30% of total cultivation costs.

CONCLUSION

Bio-refinery offers many opportunities for the pro-
duction of an array of fuels and organic chemicals
from bio-mass. It is an ecofriendly and sustainable
way to manufacture marketable bio-based products,
similar to the petro-based refinery. Bio- refinery could
emerge as a new epitome of circular bio-economy,
by comprehensively emphasizing the major aspects
of sustainability.
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