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Abstract Environmental pollution is one of the major disadvantages of fossil fuel
and their derivatives, but alternative energy resources have performed better in this
area. A well-known example within these alternative energy sources that can increase
total available energy for human’s consumption is biomass, and it has been proven
to be the most important renewable energy source. Its benefits include reduced
emission, ease of growth (agricultural materials), more available when compared
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to non-renewable sources of energy and can be directly used by local methods.
Biomass wastes heating is a major energy generation process. Processes that use
heat on biomass wastes to generate energy are termed thermochemical conversion
processes. The use of wood that store chemical energy in cooking is as far back as
the creation of the world. Thermochemical conversion of biomass releases products
which are extremely best when compared with other renewable energy source finding
usefulness in automobile, power, chemical, production, and biomaterials industries.
Pyrolysis is a heating process whereby carbon-based matter (organic material) such
as lignocellulosic agricultural waste is heated to 450 °C and above in a non-O,
atmosphere, e.g., N, atmosphere. Oxygen or air supports biomass combustion to
generate heat, steam, and electricity. Gasification occurs at > 650 °C; it is a method
of converting biomass waste into energy with the sole purpose of generating syngas
useful for combustion, heating, and electricity generation. Liquefaction is a method
of converting coal/biomass to petroleum through series of chemical reactions. Bio-
oil, syngas, and char are useful products with stored chemical energy obtained from
via thermochemical conversion. Biochemical conversion of biomass refers to the
gradual and continuous release of biofuel from biomass waste through the activity
of microorganisms and enzymes. Thermal and biochemical conversions are suitable
processes to tap unused energy in largely available lignocellulosic biomass wastes
to reduce reliance on the use of non-renewable fossil fuels as source of energy.
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Abbreviation

GHG Greenhouse gases

FC Fixed carbon

AC Ash content

VM Volatile matter
BTL Biomass to liquid

HHV Higher heating value

NMOCs Non-methane organic molecules in anaerobic circumstances (NMOCs)
MC Moisture content

HTG Hydrothermal gasification

HTL Hydrothermal liquefaction
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1 Introduction

1.1 Need for Alternative Energy

The modern world’s ability to function without energy, primarily in the form of fossil
fuels derived from the mining of coal, natural gas, and crude oil sources, appears
to be a highly and practically impossible phenomenon. Fossil fuel has stood out
as a significant source of world energy directly or via its wide range of derivatives
[1]. Crude oil today is the primary energy source for the automobile/transportation
industry, and this natural oil has served as more than 90% good source of other organic
compounds [2]. Some of the crude oil that we are exploring now took millions of
years and 107 years cycle to form, which brought about setting limitations to the
exploration of crude oil to the world market because it is a limited, scarce, and
non-renewable resource [3]. The output of fossil fuel follows Hubbert Curve, i.e.,
as the output increases, stabilizes, and then with time, decreases continuously [4].
All global oil output rises at the onset, then peaks, and later part falls constantly.
According to various forecasts, crude oil which is a fossil fuel will begin to decline
in the next 20 years to more than a century [5]. As the modern world relies on energy,
demand for fossil fuel, majorly crude oil, is increasing, but its reserves are depleting
as each day passes. As of 2014, [6] reported the daily consumption of crude oil stood
at approximately 92 million barrels. By 2030, it was statistically projected to surge
to the approximated value of 116 million barrels/day. This is an essential need, but
we are not expected to keep exploring and consuming an entire planet’s worth of oil
[1].

Nonetheless, technical advances offer some hope for replacing less abundant
crude oil with unconventional energy, e.g., shale oil, oil sands, and ultra-heavy oils.
However, as everyone is aware, they are limited resources that will eventually be
depleted. Furthermore, these oil extraction and utilization technologies can nega-
tively impact the environment. Using fossil fuel for energy involves combustion,
which releases toxic gases (CO;, N, O, light hydrocarbons) into the atmosphere. In
developing countries, activities that cut across domestic, industrial, and transporta-
tion burn fuel, but in particular, the transportation industry accounted for the most
significant amount of greenhouse gases (GHG) [7].

The world population is increasing due to increased medical accessibility and
the discovery of curable drugs for life-threatening diseases. In order to support this
population boom, there is need for industrialization as done in Japan, China, and
India. Gains of industrialization are tremendous but with reported increase in energy
demand according to [3]. As a result, fossil supplies would rapidly deplete, and GHG
emissions would rise. In addition, the ecosystem is endangered by the exploration
of and burning of fossil fuels and products formed from it (derivatives). Domestic
or industrial waste materials produced from petrochemicals includes: (rubber and
plastics) are now commonly thrown into the sea in areas non-strict environmental
protection laws making aquatic region unsafe for aquatic animals since they can
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feed on them. These environmental pollutants (rubber and plastics wastes) have slow
biodegradation rate hence could last hundreds of years in the deep oceans.

An energy shift from fossil fuel could be historically traced to “first-generation”
biorefineries which used edible crops rich in carbohydrates and sugar, such as corn,
wheat, sugar cane, and beets, as feedstocks for the production of biofuel [8, 9].
The most common fuel generated from the food crops listed as natural sugar source
is ethanol, which not only provides energy but also serves as chemical additives.
However, because these food crops are predominantly used for food and feed, their
utilization in this context would compete for feedstock, fresh water, and fertile agri-
cultural area for the food and feed sectors [10—12]. With these demerits, using food
crops in first-generation biorefineries is a debate discussed under politics, environ-
mental consequences, and ethical concerns [11]. Furthermore, these food crops are
seasonal; therefore, the possibility of availability throughout the year is an issue
to ponder. Additionally, the season’s availability is influenced by the agricultural
technique and the soil’s organic/inorganic richness, and its conversion requires a
significant quantity of energy [1]. Although these food crops serve as a good source
of alternative energy(biofuel), their use as a feedstock in biorefinery concept raises
critical questions as listed below (i—ii) that beg for answers:

Can it produce sufficient crops without affecting our fundamental needs?
Are conversion technologies effective and easily implemented?

Non-edible parts of biomass constitute waste, i.e., lignocellulose biomass such as
wood waste, agro-residues (e.g., rice husk, sugar bagasse, cocoa pod, maize stover,
grasses, and municipal solid wastes) have recently attracted several research studies
[13]. Lignocellulose materials, like first-generation biorefinery feedstocks, have a
high concentration of sugars (polysaccharides) with potential application in the bio-
refinery industry [8] and [14]. As a result, the constraints of first-generation biore-
fineries can be eliminated or reduced by using non-edible feedstocks (lignocellulose
biomass wastes), and the process of converting these biomass wastes into biofuel
is termed “second-generation” biorefinery [1] and [14]. There are currently few
second-generation commercial biorefineries (dedicated to producing bio-oil), e.g.,
Borregaard in Norway that uses Nordic wood.

1.2 Biomass

Biomass is an organic material which has carbon, hydrogen, and oxygen as its prin-
cipal elemental composition and some other trace amounts of nitrogen, sulfur, and
minerals [15, 16]. In its wet form, the renewable resource (plant) manufactures its
food through photosynthesis, where solar energy is trapped by chlorophyll and stored
as chemical energy in the biomass. Biomass is an extensive term for a diverse range
of plants, their derivative resources, and biodegradable waste. It also expands to all
biological material, its residues, and dead biomass.
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Crops and residues can be obtained from food processing companies, poultry,
wood waste from the sawmill, municipal solid wastes, sewage sludge, trees, energy
crops (water weeds, rushes, water, hyacinth, algae, seaweeds). Aquatic plants are also
valuable biomass feedstock. Biomass wastes can be obtained from sorghum, maize,
sugarcane, and rice. All crop residues have stored chemical energy that might fits as
an alternative energy source, depending on its dry mass per unit of land (hectares).
Increased output reduces the demand for land thereby reducing the cost of producing
biomass energy.

Among all current renewable sources (solar, wind, hydro, tidal, and geothermal),
biomass stands out as the only sustainable carbon carrier. It has been identified as
an important source in the global transition to carbon—neutral energy [17]. Biomass
accounts for around 10% of global energy use [18]. It includes photosynthesis-
produced organic compounds such as hemicellulose, cellulose, lignin, moisture,
extractives, and traces of various inorganic elements. Animal waste and sewage
sludge are degradable biomasses from animals and microorganisms [19]. The compo-
sition of biomass is not fixed but determined by many factors such as biological origin
[16]. Biomass is abundant as waste in various forms, including urban solid waste,
wood residue, forest residue, agricultural waste, and industrial waste, making its
acquisition more convenient, cost-effective, and environmentally friendly [15] and
[20]. When biomass waste is left unmanaged in its huge mass, it constitutes an
environmental nuisance. More than 75% of biomass utilized for energy generation
comes from agro-wastes [21]. Agro-remnants are crop residues that would typically
be discarded. If the residues are not combustible, they are usually burned or dumped
in landfills.

The global energy potential of biomass is immense. The terrestrial standing
biomass carbon on the globe was estimated to be 100 times the yearly world energy
consumption. The forest biomass and its residues account for between 80 and 90%
of total biomass carbon [22]. In terms of annual net energy output, marine biomass
carbon (which has the lowest natural abundance) is predicted to outnumber forest
biomass carbon [23]. The only renewable carbon source that can be converted into
useable char, bio-oil, and volatile gaseous fuels, as well as high-value compounds,
is biomass. The use of woody biomass and its residues as the oldest energy source
cannot be disputed and still stand as the most used in developing and underdeveloped
countries as a source of heat for cooking or charcoal production. It still serves the
same purpose of heating. However, the direct combustion of these woody biomass
contributes to a more hazardous environment via the release of CO,; (a significant
gas in GHG), SO,, and NOx (mix with moisture to form acid rain), and ash which
makes such an environment becomes dusty. Compared to fossil combustion, biomass
burning emits much less hazardous pollutants [24].
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Forest residues, i.e., wood and its dust (sawdust), contribute about 64% of biomass
energy, about 24% of biomass energy is possible with municipal solid waste, and
5% each is contributed by agricultural and landfill gases [24].

The general classification of biomass energy is:

Traditional biomass.
Modern biomass.

In developing and emerging countries, traditional biomass is the commonest
used, comprising fuelwood, animal wastes, sugarcane bagasse, charcoal, and plant
residues.

The concept of modern biomass is extended to wood and its wastes, agricultural
residues, domestic and industrial wastes, and biofuels (biogas from animal wastes,
energy crops, and so on), and it is widely employed to replace traditional energy
sources [24].

1.3 Lignocellulosic Biomass as a Source of Renewable
Energy

Lignocellulose biomass stood as the largest source of renewable carbon as it is
expected that its production will be between at a minimum of 10 billion dry tons/yr
and maximum of 50 billion dry tons/yr [25, 26] and then will assume that produc-
tion of lignocellulosic biomass from energy crops and agricultural waste is a viable
renewable source for transportation fuels and bio-based goods.

In simple terms, lignocellulosic biomass is composed of three major compo-
nents of biomass: hemicellulose, cellulose, and lignin. They are preferred as feed-
stock biomass due to their abundance, renewable nature, low cost, and higher
energy content in dried form [27]. According to [28], the per energy growth rate
of lignocellulosic biomass is 30240 barrels of oil equivalent hectare-' yr-!.

Lignocellulose biomass feedstock includes: agricultural resources and their
wastes, crop and its residues, forestry resources and wastes, carbon-rich domestic
and industrial wastes, and animal waste.

Agricultural produce stood as the primary source of Nigerians’ revenue before the
discovery of oil and gas, accounting for almost half of her GDP and 75% of export
[29]. Had the trend of farming continued, there would not be an issue of food shortage,
and agro-waste from this source would have been easily diverted as a source of
energy. Currently, the world is being driven by progressive usage of limited reserves
of non-renewable fossil fuel resources which has adverse climatic repercussions
[20]. Geologists and geophysicists are always charged with a continuous search for
new oil fields, but lots of oil fields discovered are non-economical to be explored.
Scientists must look for alternative energy sources to create energy balance, security,
and sustainability.
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A bio-based economy is built on the sustainable production of food, feed, chem-
icals, fuel, materials, and plant energy. It is impossible to store these energy sources
(wind, water, solar energy, and nuclear) as a liquid fuel. Some selected thermochem-
ical conversion techniques can be used to obtain liquid products useful as biofuels
to serve the same function as oil in automobile engines. This means the successful
use of bio-o0il as an industrial raw material will significantly depend on biomass
processing processes [20]. The adoption of biomass remains the only alternative to
replace fossil fuels for transportation or automobile industry [20].

Photosynthesis is a process that uses solar energy to produce sugar, starch, and
structural polysaccharides which are viable carbohydrates used to produce biofuel.
Bio-C,H50H, a suitable biofuel, is obtainable from these carbohydrates via biochem-
ical extraction process and fermentation [30]. Since structural polysaccharides are the
most predominant carbohydrates and integral components of plants’ cell walls, they
account for most plant biomass. However, since they can be converted into biofuel
more easily than cell wall polysaccharides, soluble sugars and starch currently make
up the majority of the production of bioethanol [9]. For example, the secondary cell
wall of a plant is a strong, shielding biological structure that offers stability and resis-
tance to deterioration. This is a result of its primary components which include the
structural polysaccharides carbohydrate cellulose and hemicellulose as well as the
phenolic polymer lignin, interlinking to create a strong matrix [31]. Plant biomass
that contains cell walls, or lignocellulose, can be converted into bioethanol, but first,
the cell wall structure needs to be treated to make it more pliable. This procedure
combines thermal energy, mechanical pressure, and chemicals to break down the
crosslinks between the major components of the cell wall and increase the expo-
sure of the polysaccharides to enzymatic hydrolysis [32]. Hydrolysis is necessary to
separate cellulose and hemicellulose into their monomeric sugar components. After
that, by fermenting these components, bioethanol can be produced [30]. Although
structural polysaccharides are rarely or never utilized in food and feed applications,
they are the most widely used carbon source in the large-scale generation of biofuels
[32].

Nigeria is a tropical area with a vast land mass covered in trees. A vast amount
of residue, including bark, sawdust, and mill chips, is produced when these trees
are felled and made into boards. They are made up of wood processing waste and
scrap that cannot be used to make new wood, such as wood particles/dust, veneer
rejects, veneer log cores, edgings, slabs, trimmings, and other wood wastes from
carpentry and joinery. Biomass wastes from rice, cassava, sorghum, maize, millet,
and bailey all contribute to the supply of lignocellulose in the form of residues from
farming processes. Maize is typically grown for its grain, where the plant’s leaf and
stem parts are used (referred to as stover). There is huge energy harvest possibility
when considering the overall collection of residues based on worldwide harvest and
average residue production per hectare. The lack of technical know-how in most of
Africa countries has made lots of useful forest residues untapped as biomass energy.
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2 Biomass Chemistry

Organic and inorganic components, as well as water, make up biomass [33]. The
chemical structure and essential organic constitutents of biomass determine the
appropriate technologies for converting it into fuels and chemicals [30]. Biomass
comprises three primary categories of naturally occurring polymeric components in
dry mass. These carbon-based polymers are [30]:

i. Cellulose (approximately 50%),

ii. Hemicellulose: its value is between 10-30% in forests, and for herbaceous
biomass, it stood at 10-40%.

iii. Lignin: this made up 20-40% of woods resources and stood at 10-40% in
herbaceous biomass.

The amount of cellulose, lignin, and hemicellulose in biomass largely depends on
the species, as stated above, and these variations are primarily noticed with hardwoods
and softwoods. Of the three major components, cellulose and hemicellulose are in
higher proportion in hardwood than softwood. Table 1 showed a comparison of
compositions [30] and [34].

Proximate and ultimate analyses are used to determine the principal organic
constituents of biomass (cellulose, hemicelluloses, and lignin) and the percentage
elemental composition of biomass [19]. Ultimate analysis of biomass showed
biomass contains largely carbon (30-60%), followed by oxygen (30-40%), hydrogen
has about (5-6%), and other elements including S, N, and Cl make up < 1% of the
biomass. Biomass elemental composition is listed in decreasing order of abundance
as;C>0>H>N>Ca>K>Si>Mg>AI[l19].

The common inorganic components in biomass are: alkali metal compounds (K,
Ca, Na, Si, P, Mg, and CI in herbaceous biomass). However, the amounts of these
inorganic compounds differ, and it depends on the biomass species; wood (< 1%),
herbaceous biomass (15%), and agroforestry residues (25%) [35].

Extractives from biomass are majorly smaller organic molecules and some other
giant molecules such as acids, protein, and salt. Plant stems, foliage, and barks contain
equivalent amounts of the significant classes of food, ash, hydrocarbons, and other
substances [35].

Carbohydrates are organic polyhydroxy molecules having the elemental formula
(CH,0),, They contain a homogeneous carbon content of about 40%, which is
significantly lower than that of hydrocarbons. They have exceptional physicochem-
ical qualities due to their oxygenation, which enhances conversion and utilization.
Monosaccharides, disaccharides, oligosaccharides, and polysaccharides are the four

Table 1 Composition distribution in biomass
Wood type Cellulose (%) Hemicellulose (%) Lignin (%) Extractive (%)
Softwood 40-44 25-29 25-31 1-5
Hardwood 43-47 25-35 1624 2-8
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forms of carbohydrates. Starch and sugar are the primarily used feedstocks in first-
generation refineries, while cellulose and hemicellulose stood as the feedstock in the
second-generation refinery [36]. Of the three major biomass components, cellulose
and hemicellulose are carbohydrates, while lignin is non-carbohydrate [37, 38].

2.1 Chemistry of Biomass Components

The production of biofuel from any biomass depends on its three major compo-
nents: cellulose, hemicelluloses, and lignin. These components stood as a fixed base
for the production of fuels and other chemical additives. However, lignocellulose
biomass can generally be woody substrates and agricultural residues. In lignocel-
lulosic biomass, cellulose and hemicelluloses are the two carbohydrate polymers
that make a more significant percentage of the material. At the same time, the third
principal component (lignin) is a non-carbohydrate but complex aromatic compound
that is highly branched [39]. Apart from the fact that the variation of these compo-
nents depends on plant specie type, other factors such as soil, age, and growth stage
contribute to their variation [40].

In the order of abundance (%), the three significant components of biomass
followed the order cellulose > hemicellulose > lignin [41]. The high content of
cellulose and lignin is recorded in woody biomass, while soft tissue plants such as
grasses are low in lignin but significantly high in hemicellulose [25].

Lignocellulosic biomass has cell wall extractives (proteins, pectin), macro- and
micronutrients inform inorganic compounds, ashes, and the three major components.
However, these have little effect on the buildup of the lignocellulose structure. The
existence of lignin, hemicelluloses, pectin, and other plant cell wall components, as
well as their spatial interlinks with cellulose, is hypothesized to have resulted in a
plant cell wall with a robust and compact structure (Fig. 1) (physical barriers) that is
resistant to microbial degradation [25].

Hemicellulose

Fig. 1 Arrangement of
major components of
biomass

Celulose
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2.2 The Structural Properties of Lignocellulose

2.2.1 Cellulose

Cellulose is a polysaccharide with a molecular weight of 162.1406 g/mol repre-
sented in Fig. 2. Celloboise, an oligomar of two C¢H;,Og units linked together by
fourteen glycosidic bond units. The cellulose polymer(s) (C¢H;9Os)n has about 100
to 20,000 (14) linked D-C¢H;,0¢ molecules. Lignocellulose has the parallel linking
of about 36 cellulose molecules via bonds and forces (hydrogen and van der Waal’s)
to form a non-amorphous structure with straight, stable supramolecular fibers of great
tensile strength and limited openness. The basic fibrils are subsequently linked to
other biomass components such as pectin, hemicelluloses, and lignin (Fig. 1). Cellu-
lose microfibrils are little cellulose bundles that give plants mechanical strength
and chemical stability. Some cellulose microfibrils are regularly joined to produce
macro-fibrils [35].

Fig. 2 Structure of cellulose
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Cellulose has some degree of crystallinity, degrades less, and is typically insoluble
in H,O and common organic solvents. It is important to note that cellulose contains
soluble, easily degradable, amorphous/non-ordered components. Many cellulose
characteristics, however, are typically governed by its degree of polymerization.

2.2.2 Hemicellulose

After cellulose, hemicellulose (a polysaccharide grouping) is the second most signif-
icant carbohydrate component of lignocelluloses [41]. Hemicelluloses are heteroge-
neous short-chain linear and branching sugar polymers comprised of five different
sugars, which are listed in (i-v) [25]; Fig. 3.

L-Arabinose (C5H¢Os)

D-Galactose (C¢H20¢)

D-Glucose (C6H1206)

D-Mannose (C6H1206)

D-XleSC (C5H]005).

The pentose (C5) sugars are: L-arabinose and D-xylose, while the others are
hexose (C6) sugars. Xylan is the commonest hemicellulose family sugar, with
examples listed in (i—vi). There are possibilities for minute amount of these sugars
[42].

L-Rhamnose

L-Fucose

4-O-methyl glucuronic

Organic acids like acetic

Ferulic acid

Galacturonic.

Its sugar acetyl groups were replaced temporarily by —OH groups. However, the 1,
4-linked -D-hexosyl residues that make up most of the hemicellulose’s backbone also
occasionally include hexose(C6) sugars, pentose (C5) sugars, and uronic acids [25].
Unlike cellulose, hemicellulose’s composition and structure vary depending on the
source (such as the type of side chains and glycosidic linkages) [43]. Homopolymers,
which are repeating units of a single sugar, include xylans, mannans, and glucans.
Heteropolymers, on the other hand, are mixtures of various sugars, including arabino-
galactan, arabinoxylans, arabinoglucuronoxylans, galactoglucomannans, glucoman-
nans, glucomannans, glucomannans, and glucom. For instance, agricultural waste, O-
acetyl-4-O-methylglucuronoxylans, and O-acetylgalactoglucomannan are utilized to
create hardwood hemicellulose [44]. Due to their short-chain branching structure and
acetyl groups attached to the polymer chains, hemicelluloses, unlike cellulose, lack
crystallinity [42]. Its degree of polymerization ranges of minimum (70) to maximum
(200) suggests that it is an amorphous polymer that degrades quickly [45].
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Fig. 3 Hemicellulose (a) represents galactomannan, (b) represents glucuronoxylan, (c) represents
sugar monosaccharides
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2.2.3 Lignin

After carbohydrates, lignin stood as the second-most available component of ligno-
cellulose biomass on earth and the primary source of natural aromatic polymers
[46]. The primary building units of lignin, an amorphous and highly branched
rigid polymer, are three phenylpropane units. These three components, p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol, combine to form a random sequence
of p-hydroxyphenyl (H-lignin), guaiacol (G-lignin), and syringyl (S-lignin) subunits
[47]. Depending on the lignocellulose source, different H, G, and S-lignin composi-
tions exist [48]. Herbaceous plants have high concentrations of all three lignins—G,
S, and H—in various ratios, whereas hardwood lignins are largely composed of G and
S monolignols with very little H. The G units make up the majority of the lignins in
softwood, with H units making up the remaining fraction [43]. Lignin strengthens the
cell wall by filling in the gaps between the two other major components of biomass
(cellulose and hemicelluloses) and other cell wall components and acting as a cell,
fiber, and vessel binding material [49]. Additionally, it has impact on how water,
minerals, and metabolites are transported [39]. The development of lignocellulose’s
complex structure, the formation of plant cells, and the defense of plants against
disease and insect attack all depend on it [42]. Although some bacteria and fungi
may break down lignin, it can survive for a very long time [50].

2.2.4 Other Constituents

Proteins, ashes, extractives (including terpenoids, steroids, lipids, waxes, and
phenolic compounds), and pectin, which is composed of neutral sugar side chains
and acidic sugar backbones, are also present in the lignocellulose cell walls (often
galacturonic acid) [51]. The homogalacturonan, rhamnogalacturonan, and xylogalac-
turonan subclasses make up the highly branching, complex heterogeneous polysac-
charides known as pectins [52]. Their cross-linking influences plant morphogen-
esis and wall porosity and supports cell adhesion and wall hydration [51]. There
are several uses for extractives; some safeguard plants, others act as precursors for
certain compounds, and many others have unclear benefits [53].

2.3 Lignin, Cellulose, and Hemicellulose Interactions
Chemical

The cellulose macro- and microfibrils embedded in lignin serve as the structural core
(skeleton) of lignocellulose, whereas hemicelluloses are scattered between them
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Table 2 Overview of significant connections between and among the three lignocellulose compo-
nents

Linkage Interpolymer Interpolymer

ROR bond (Ether) Lignin, (hemi)cellulose Cellulose-lignin, hemicellulose-lignin
C-C Lignin NI

H- bond Cellulose Cellulose-hemicellulose,

hemicellulose-lignin,
cellulose-lignin

RCOOR bond (Ester) Hemicellulose Hemicellulose-lignin
NI: Not identified.

(Fig. 1). The crucial four interpolymers (between various components) and inter-
polymer (inside specific components) linkages that exist between these three compo-
nents are ROR (ether), ester (RCOOR), carbon—carbon (C—C), and hydrogen bonds,
as shown in Table 2 [45] and [54].

Ether (ROR) and H-bonds are the primary chemical bonds that hold cellulose
polymers together. The glycosidic bonds in cellulose are comparable to ether bonds
that bind 2-C atoms to an oxygen molecule [55]. The two —OH groups on various
cellulose polymer chains interact to produce H- bonds. A number of the character-
istics of natural cellulose, including its crystallinity, are thought to be caused by the
hydrogen bonds between cellulose threads [56]. Similar to cellulose, hemicelluloses
are connected mainly by either type of linkages. Several ester (carboxyl) groups
are present instead of hydrogen bonds [45]. The C—C bonds make up 30% of the
intrapolymer linkages between lignin monomer units, and ether bonds make up 70%
of those linkages [45]. They can be found within and/or between the carbon atoms
in allylic and aryl compounds [57]. Cellulose, hemicellulose, and lignin are joined
by hydrogen via interpolymer bonds [54]. Hemicellulose and lignin are linked by
ester (RCOOR) bonds, ether and ester bridges make up the majority of lignin and
polysaccharide complexes. Although ether groups between lignin and the polysac-
charides are known to exist, it is yet unknown if they also occur between lignin and
cellulose or hemicellulose [45].

3 Role of Biomass in Energy Generation

3.1 Biomass Energy

The technologies applied to derive energy from biomass are: thermochemical and
biochemical pathways. These two listed approaches are helpful in the transformation
of lignocellulose biomass resources into three essential energy products: Biomass
gasification has unique application since it is very promising for producing renewable
chemicals and generating electricity in turbines or internal combustion engines [58].
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Gasification of biomass is simply the use of a gasifier, which is a machine that uses
a programed mechanism involving heat (700 °C), steam, and O, to convert biomass
into useful products such as syngas, biochar, biofuel, heat, power, and fertilizer
without the use of combustion. The sustainable use of biomass for producing energy
and chemicals depends on understanding its physicochemical properties. The variety
and variations among biomass species are determined by chemical composition, MC,
AC, and the presence of inorganic materials. Metals (Mn, Na, Al, Mg, K, Ca, Fe),
metalloid (Si), and non-metals (Cl, S, N, H, O, and C) make up the majority of
the components in biomass [59]. These elements are found in biomass in varying
percentages.

Unlike fossil fuels, which have a high energy density, biomass has a low thermal
efficiency. Low bulk density (typically 8.0 x 10'-1.0 x 10? kgm™3 for agricultural
straws and grasses and 1.5 x 10°-2.0 x 10? kgm~ for woody biomass) contributes
to the low energy content of biomass in its original form [60]. Raw biomass is more
expensive to handle, store, and transport than fossil fuels. Therefore, improving the
biomass’s handling, storage, and transport qualities are crucial for biomass’s most
efficient and productive valorization. Biomass is primarily converted via thermal and
biochemical technologies to obtain improved biomass properties/products suitable
for energy and lessen drawbacks associated with the use of biomass for energy
purposes [61]. Fossil fuel serves as a better fuel when compared to bio-oil because
bio-oil has low calorific values, a high percentage of moisture and oxygen, low energy
density, high volatile matter, high density because of the presence of oxygenates, pH
less than 5 (acidic), highly viscous and corrosive due to its water content attack on
metallic engine and degradation with an increase in storage days [33].

3.2 Biofuels

Biofuel is an organic fuel derived from either live or dead carbon-based mate-
rial. High-quality ethanol is produced from these sources using biomass conver-
sion processes. This biomass conversion produces biofuels, which can be solid,
liquid, or gaseous fuels. Biofuels include, among other things (a—c): A. Solid biofuel:
Pelletized wood, briquettes, chips of wood, firewood; B. Fluid biofuel: Biodiesel, a
bioethanol bioalcohols, C. Gaseous biofuel: Biogas \Syngas.

3.3 Biofuel from a Few Familiar Biomass Sources

3.3.1 Cassava

Cassava-Based Fuel: “Biomass” refers to all chemical energy sources that can be
generated by converting plant and animal components into solid, liquid, and gaseous
forms. To provide thermal energy for uses like cooking, propulsion, or the creation
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of electricity, these fuels can be burned alone or in conjunction with traditional fossil
fuels.

Ethanol is a biomass fuel type. By fermenting starchy substances like cassava
and sugarcane, ethanol, a liquid fuel, can be produced. Other biomass fuel sources
include biogas obtained from waste and rotting plant and animal matter in landfills or
biogas digesters [62]. This part exclusively takes into account liquid biomass fuels,
primarily ethanol.

Because cassava is commonly cultivated in Nigeria hence its preference for the
production of C,HsOH. Government initiatives like the one that required cassava
to be included in flour during the Obasanjo administration should have encouraged
farmers to increase their cassava production in recent years. Most Co,HsOH produced
in Nigeria is made from petrochemicals, which has the unfavorable effect of taxing
the country’s petroleum reserves even more. So it is more than appropriate to adopt an
alternative like cassava. This would have the desired result of creating employment in
the rural areas where cassava is cultivated and lowering the dependence on petroleum
components for ethanol synthesis. The lesson is that initiatives to support a biofuel
sector of this kind must be pursued along with actions to ensure it does not affect the
nation’s food supply. Undoubtedly, these measures will involve educating farmers
about the importance of giving food crop cultivation equal attention in the face of
a cassava boom and subsidizing food crop production by providing farmers access
to seedlings, farming equipment, fertilizer, financing, and other resources to make
growing food crops simple.

3.3.2 Sugarcane

A perennial grass, sugarcane (saccharin spp.) grows well in tropical and subtropical
climates. It needs an environment free from frost and with enough moisture during
the growing season. Sugarcane uses chemical energy that it stores inside the plant to
transform sunlight into energy as it grows. Approximately, one-third of the plant’s
stored energy is found in each of the following primary parts (a—c) below:

a. Juice, which contains sucrose and is found inside sugarcane stalks, is used to
produce ethanol and sugar.

b. Bagasse: A ton of sugarcane yields 270 kilos of this dry, fibrous by-product after
being crushed.

c. Straw: The stalks of sugarcane leaves and tips.

Removing sugarcane bagasse in Nigeria is majorly via burning, and its straws
are also usually burned to ward off snakes and other potentially deadly creatures.
A third of the energy in sugarcane is destroyed via this procedure. Additionally,
it has been found that burning the sugarcane field before harvesting is where the
great bulk of emissions originate. According to experts, experts, straw, and bagasse
can be burned together in high-efficiency boilers to provide up to 11,500 MW of
bioelectricity [63]. Bagasse, a significant waste product, particularly during the dry
season, offers a range of potential power output from 1000 to 9000 MW, depending
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on the technology employed [63]. A significant source of both sugar and ethanol is
juice. A biofuel known as bioethanol is increasingly frequently made from ethanol.
The most crucial benefit of bioethanol for the environment is that it has the potential
to be carbon neutral throughout its lifecycle, which means that the carbon dioxide
(CO,) released during production will be balanced by the amount absorbed from the
atmosphere during usage. This guarantees a decrease in dangerous emissions and
air pollution. Ethanol from sugarcane reduces greenhouse gas emissions by at least
60% compared to gasoline.

3.3.3 Husk of Rice

Rice husk is a typical agricultural by-product. Rice is one of the agricultural products
designated for expansion by the Federal Government of Nigeria to diversify the
country’s current crude oil economy. In Nigeria, rice is a staple food, and if local
production is expanded, this will lead to a rise in rice-processing wastes, including
rice husk and straw. Igbinmo, Ebonyi, Isu, Kano, Ifon, Abeokuta, Jigawa, Cross-
Rivers, and Sokoto are among towns that produce rice husk. In places, the number of
dumps made of rice husks is rising alarmingly. Due to the impending environmental
risks, deterioration, and pollution, it poses to people and the environment, disposing
of and evacuating the rice dumps is urgently necessary. Most communities seek to
dispose of rice husks by setting fire to the rice husk dumps, but a modest pile of
rice husks takes months to burn to ashes. Even after being reduced to ashes, it still
blights the neighborhoods, particularly during the rainy season. Air pollution and ash
buildup are the results of burning rice husk dumps. Consequently, there is a pressing
need to remove the rice dumps from these areas.

Rice husk, the main waste of the rice-processing industry, is one potential biomass-
based energy source for generating electricity. With a calorific value of 3259 kcal/kg,
rice husk is a renewable fuel source [64]. It is possible to produce electricity from
rice husks using a gasifier and a modified internal combustion engine that drives a
generator. Rice husk can be converted into fuel gas in a gasifier at high temperatures
and in an atmosphere with just 1% oxygen. The generated clean gas (syngas) can be
used right away in a gas-powered plant to generate electricity for local use as well as
the powering of the rice mill. Rice husk power plants’ by-product, rice husk ash, can
be used in the cement and steel industries. It also increases the diversity and security
of the electricity supply, is more environmentally friendly, creates more opportunities
for local people to find work, and is a better way to dispose of agricultural waste.

3.3.4 Maize

Because it is the largest crop in the world in terms of overall acreage, maize is
expected to be important in the development and widespread commercialization of
cellulosic fuels [65]. Maize must be bred to function as a dual-purpose crop, demon-
strating excellent grain production and quality features, high stem-biomass yield, and
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Table 3 Biomass in bio-refinery

A. O. Adeoye et al.

Biofuel

Description

Examples

First-generation biofuel

Made from raw materials that
compete with those used in the
food and feed industries

(i) Bioethanol from crops such
as sugar beet, sugar cane, and
starch (corn and wheat)

(ii) Rapeseed, sunflower,
soyabean, palm, and leftover
food oil-based biodiesel
biogas generated from starch

Second-generation biofuels

Produced from waste residues
or non-food crops (energy
crops)

(i) Biogas from leftovers and
garbage

(ii) Lignocellulosic
material-based biofuel from
energy crops, biofuel

Third-generation biofuel

From aquatic microorganisms,
such as algae

(i) Biodiesel from algae
(i1) Green hydrogen

Fourth-generation biofuels

Biofuels based on cultivation

(i) Technology that produces no

carbon
(ii) Future-day technology

with high solar efficiency

higher processing amenability, in order to achieve this. The study [66] demonstrated
that grain yield, agronomic fitness, and stover quality were not mutually exclusive
breeding objectives and came to the conclusion that current maize breeding efforts
might incorporate stover traits beneficial to the cellulosic ethanol sector without using
foreign germplasm. With a wealth of genetic and agronomic resources, maize can
be developed into a dual crop with the appropriate biomass quality characteristics
and a significant amount of stover output. Given that it is widely produced, utilized
as a feed crop, and generates enormous amounts of lignocellulosic wastes, maize is
perhaps the most suitable model crop in the research of biomass quality. As shown
in Table 3, maize and its waste can be used in biorefineries to generate electricity.
Therefore, the main goals of research into maize bioenergy are to analyze and under-
stand biomass recalcitrance as well as to specifically alter the composition of cell
walls.

4 Chemistry of Biomass Conversion to Energy

4.1 The Use of Biomass

Lignocellulosic biomass is a significant organic embodiment of many components in
which the major components are (hemicellulose, cellulose, and lignin); the carbohy-
drates components are (sugars, cellulose, and hemicellulose) and non-carbohydrate
(lignin), with the presence H,O, polysaccharides (starch, protein), fatty acids, oils,
extractives, HC, AC, and other substances [34] and [67], in contrast to carbohydrates,
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which make up < 30%, and lipids (oil), which make up < 10% of a biomass species,
cellulose, lignin, and hemicellulose make up the majority of abiomass species. Lignin
and the other two primary components of biomass term (carbohydrates) are typically
recognized as lignocellulosic biomass [67].

Lignocellulosic biomass is a class of energy crops with distinct physicochemical
properties (ultimate and proximate) or constituents (cellulose and hemicellulose)
that are used as feedstock in second-generation refineries [36]. These compositions
make biomass suitable for energy generation via thermochemical or biochemical
conversion, and these factors are taken into account when selecting the appropriate
conversion technologies for any biomass waste [68]. Biomass wastes have a high
concentration of organic elements such as cellulose, hemicellulose, and lignin, as
well as traces of other organic compounds or polymers, which are known to be a
reservoir of solar converted to chemical energy [69]. Biomass contents vary; they
can be converted to energy materials (bio-oil fuels, chemicals), and the selection
of biomass depends on the required end products [70]. Bio-oil rich in lipids are
frequently turned into biodiesel via the process of esterification (transesterification)
with CH3OH or C,HsOH, in contrast to carbohydrates (starchy and sugary compo-
nents) which are typically converted through biological fermentation into C,HsOH.
Naturally, lipids, proteins, and lignin are produced from sugars during photosyn-
thesis. Long-chain hydrocarbon fatty acids with high calorific value contents are
frequently produced when consumed by cyclic carbohydrates (glucose) [67]. As an
alternative, solid biomass is commonly turned into syngas (CO + H,), which, when
subjected to Fischer—Tropsch (FT) process, produces liquid fuels and other chemi-
cals. This process, however, requires several labor-intensive processes, energy, and
financial investment. Direct liquefaction, often known as “biomass to liquid (BTL),”
provides a more dependable and simple conversion of biomass leftovers to liquid.
Numerous thermal and thermocatalytic BTL approaches are constantly being devel-
oped [67]. The choice of any biomass material for the generation of energy source is
influenced by factors such as moisture content (MC), higher heating value (HHV),
fixed carbon (FC), volatile matter (VM), ash slagging, and fouling indices via its
group I metal content, and its cellulose/lignin ratio [37].

4.2 Criteria for Selecting Biomass

4.2.1 Ultimate and Proximate

There are two types of physicochemical parameters for determining the viability of
any biomass waste as a source of biofuel. Proximate parameters commonly used are
moisture content (%), volatile matter content (%), fixed carbon (%), and ash (%),
while ultimate parameters are C, H, N, and S percentages.
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MC Approximate Parameters

The moisture content of the same species of biomass varies greatly, making it an
undesirable property of biomass for use in thermal conversion processes. Moisture
content affects gross calorific value, combustion efficiency, and combustion temper-
ature directly [16]. Sawdust moisture content (7.62%) is one of the factors that
determined its HHV of 16.01 MJ/Kg, which is within the desirable range of 10%
MC [15].

Ash Content (AC)

Ash is a residue that results from the thermal breakdown of organic and inorganic
constituents of biomass waste. Higher ash content indicates higher carbon content,
which favors gas yields. It is not a desirable property of a biofuel because depending
on the elemental composition of ash, its constituents’ catalytic influences thermal
decomposition, slagging, fouling, and sintering.

Fixed Carbon (FC)

The fixed carbon fraction of a biomass is the carbon that exists in an uncombined
state, that is, it is not chemically bonded to another element. FC produces biochar in
a thermochemical conversion process of biomass, such as combustion, which is then
burned in the reactor. A higher FC value is a property of herbaceous biomass wastes
that favors combustion properties [71]. The expected FC range in such a waste is
7-20% [16].

FC =100 — (% MC + % VM + % Ash) (1)

Volatile Matter (VM)

Volatile matter refers to the fraction of biomass that can escape and disappear from the
reactor chamber during thermochemical conversion. Oxides of carbon (CO and CO,),
hydrogen gas, moisture, light hydrocarbons (CHy4), and tars are a few examples [24]
and [71]. % VM is high in all biomasses, but values vary depending on the chemical
composition of the biomass and range from 75 to 90% [16].

4.2.2 Gross Calorific Value (GCV)

The gross calorific value is a measurement of the chemical energy stored in biomass
using an oxygen bomb calorimeter or a mathematical computation, as shown in
Eq. (2). Equation (2) can be used to calculate the HHV or gross calorific value of
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biomass [16].

MJ
HHV(E) =391/, 0000 x (C) + 1.1783(H) @

+0.105(S) — 0.1034(0) — 0.015(N) — 0.0211(Ash)

4.2.3 Ultimate Parameters

The basic elements in biomass are C, H, N, and O. During the combustion process,
the C component of biomass reacts with atmospheric oxygen to produce CO, and
H,O0, a process known as an exothermic reaction. Equation (2) is a mathematical
expression used to calculate HHV which demonstrated that these elements have a
positive impact on biomass HHV and the combustion process itself.

Carbon is the most important element in thermochemical conversion processes;
the higher its value, the higher the heating value of such biomass [15]. A very low
percentage of hydrogen in biomass indicates a problem because it exists together
with carbon to determine the heating value of biomass [15].

For a biomass waste not dried at 105 °C prior to CHNS analysis, Eq. (3) applies

0,=100% —(%C + %H + %N + %S + %M+ % AC) 3)
Oven dried biomass waste before its ultimate analysis, Eq. (4) applies
0,=100% — (% C + %H + %N + %S + % AC) 4

The best biomass conversion methods (technically easy, cheap, and high yielding)
must be selected for any biomass due to the nature of the polymers in lignocellulosic
biomass to get fuels and chemicals.

Biomass is found worldwide, is highly abundant, and is renewable, which has
sparked a growing interest in and driven current attempts to produce organic
compounds with this diversity of biomass, with the sole aim of sugar conversions
to value-added chemicals, e.g., ethanol. Hexoses, mainly glucose and D-fructose,
are the best biomass sugar feedstock to use as chemical precursors or intermediaries
[29].

5 Catalysis in the Conversion of Biomass

Biomass processing has historically used organic catalysis (also known as enzymatic
catalysis). However, inorganic catalysis, utilized to transform unprocessed biomass
feedstock into valuable products, is more economically efficient [67]. Due to their
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higher capacity for molecular deoxygenation through various chemical processes,
acid catalysis is commonly used in biomass valorization [72]

In converting biomass into alternative fuel and other chemical additives, catalysts
are essential for either accelerating or improving the conversion products (liquids
or gases). However, their properties and mechanism routes differ depending on the
technology conversion employed.

5.1 Heterogeneous and Homogeneous Catalysis

Heterogeneous catalyst is largely employed as a crucial agent in the conversion of
fossil fuels into fuels, power, and chemicals. Given the entirely different chemical
make-up of these heterogeneous catalysts, their function in the digestion of biomass
is still unknown. In recent years, zeolites have demonstrated tremendous progress for
use in biomass valorization, particularly in converting lignocellulosic biomass into
fuels and chemicals [73]. Catalyzing processes including dehydration, esterification,
decarboxylation, and acylation play a crucial part in transforming oxygenates into
hydrocarbons. Thus, it has been discovered that using zeolite catalysts in biomass
processing is a feasible alternative technique for transporting fuels and chemicals
[73]. However, a significant problem in the field of biochemicals is the discovery
of innovative catalytic pathways for the selective, efficient, and direct conversion of
biomass feedstock to manufacture specific compounds [74]. Both homogeneous and
heterogeneous catalysts are typically used to catalyze the transesterification process
for biodiesel production.

The chemical catalysts used in transesterification are classified as homogeneous
or heterogeneous. Examples of homogeneous catalysts include potassium hydroxide
(KOH), sodium hydroxide (NaOH), and sodium methoxide (CH30ONa). NaOH
is preferable to KOH because it dissolves quickly in solvents such as methanol
(CH3O0H). It also has some intrinsic properties such as high purity and low cost when
compared to KOH [75, 76]. The examples given above, in their concentrated/strong
form, can help improve the quality of biodiesel production during transesterification.

When compared to homogeneous catalysis, heterogeneous catalysts are typi-
cally solid acid or solid alkali catalysts that improve transesterification by lowering
costs and pollutant release [77]. Heterogeneous catalysts have several advantages,
including low cost, ease of recovery after use, and reusability. Li/ CaO, CaCOj rock,
MgO/KOH, modified zeolites, anionic clays (hydrotalcite), Eni Slurry Technology
(EST-4), and Na/NaOH/-Al, O3 are some examples of excellent heterogeneous cata-
lysts used in transesterification reactions [78]. Solid acid catalysts promote both
esterification and transesterification in the production of biodiesel from oils high in
free fatty acid (FFA). K,CO3/Al,03, SrO, CaO, MgO, KNOs/Al,03, [79], Li/CaO,
KF/ZnO, basic hydrotalcite of Mg/Al, Li/Al, anion exchange resins, and base zeolites
are some of the solid-base catalysts used in transesterification [80].

In a recent study [81], heterogeneous catalysts (acid or base) examples were
reported and their applications in lab-scale biodiesel production. These include:
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i.  Derivatives and oxides of Group I metals, e.g., (KOH), sodium hydroxide
(NaOH), and sodium methoxide (CH3ONa)
ii. Derivatives and oxides of transition metals
iii.  Group II metal oxides and their derivatives; BeO, MgO, CaO, SrO, BaO and
Ra0.MgO and StrO
iv.  Products, metal oxides, and composites; Li/CaO, KF/ZnO, basic hydrotalcite
of Mg/Al, Li/Al
v.  Sulfur dioxides
vi. Ion exchange resins
vii. Catalyst for carbon-based composites
viii. Catalysts made of biological enzymes
ix. Composite catalysts made of boron.
x. Catalyst made from waste products.

Depending on the number and strength of active acid or main sites, they are
extremely active, selective, and water-tolerant [§1]. However, the production paths for
biodiesel and bioethanol limit the use of heterogeneous catalysts in those processes
(i.e., it favors the application of homogeneous bases in the fermentation of sugars
and transesterification).

Heterogeneous catalyzed biodiesel production has emerged as a preferred route
because it is environmentally friendly, requires no water washing, and product sepa-
ration is much easier, and thus has a significant positive impact on the production
of better biofuels (high energy density and fuel property compatibility). There are
various important heterogeneous catalysts that have found use in pyrolysis, gasifica-
tion, and catalytic upgrading of aqueous phase sugar processing, hydrotreatment of
vegetable oils, and related feedstocks [74]. In this case, heterogeneous catalysts are
pertinent, i.e., they are used appropriately and serve the required purposes.

Additionally, catalyst aids formation of gasification products. They increase
conversion effectiveness, enhance gas quality, and lower tar content. Common gasifi-
cation catalysts include dolomite, alkaline metal oxides, and oxides based on nickel.
The importance of Fe, Co, ruthenium, and K catalysts in the FT synthesis of biofuel
in liquid from biosyngas is well documented [30]. The effectiveness of various cata-
lysts varies, though, and the choice of one depends on the desired end product and the
catalyst’s characteristics and reaction routes [30]. Catalysis has emerged as a key step
to producing renewable chemical energy in recent years. Catalyst function has been
demonstrated by the production of furan derivatives from biomass sugar in recent
years, which have been used as alternatives to chemicals derived from crude oil or
as building blocks for the synthesis of new products such as composite materials,
metal casting, degrease metal, macrocyclic ligands, resins, agrochemicals, pharma-
ceuticals, liquid fuels, or solvents [29] and [82]. The commercialization of processes
in which catalysts are used for biomass conversion to functional chemical additives
has not been actualized. However, research is still going on in this area to improve
these catalysts’ selectivity and conversion efficiencies.

Furthermore, with recent improved research in the area of green chemistry, the
choice of catalyst to be selected in biomass conversion should be the one that is cheap,



268 A. O. Adeoye et al.

recoverable, and eco-friendly. Also, multipurpose catalysts derived from natural
sources should be prioritized in catalytic chemistry. As a result, many reaction steps
can be carried out in a single reactor without the need for pricey intermediary sepa-
ration procedures. And also, the efficient recovery and separation of the desired
products and the recycling of catalysts are crucial to catalytic research in general and
biomass catalytic conversion. These, however, are complicated by the insufficient
knowledge of the structure—property relationships of catalysts and the precise mech-
anisms underlying biomass conversion reactions, as well as the process compositions,
catalyst optimization, and development, particularly for industrial scale production
[29].

5.2 Technologies for Converting Biomass

Energy generation and environmental remediation were the two primary goals of
biomass conversion technology. The toxic effect of released gases from the combus-
tion of fossil fuels prompted the search for a low-cost and environmentally friendly
alternative to energy generation. The use of readily available large biomass waste that
constitute a nuisance to the environment is one approach that meets two objectives
(energy generation and achieving of an environment cleaner and safer to live).

The two basic mechanisms for digesting biomass are biochemical and thermo-
chemical reactions. Thermochemical pathways are frequently more efficient than
biological routes due to their faster reaction times and greater capacity to break down
the organic components of biomass [33]. The bulk density, MC, particle size, and
intermittent availability of biomass conversion feedstock can all vary substantially.
As a result, modern industrial technologies and fossil fuels are usually coupled so
that in the case of a disruption in biomass supply, the fossil fuel serves these purposes
(preheating, drying, and fuel supply maintenance) [83].

Different techniques are used to convert biomass into various energy sources. The
quantity, kind, biofuel product, feedstock qualities, economic situations, legislation,
and environmental requirements all play a role in selecting an appropriate conver-
sion procedure [71]. The feedstock’s desired energy form and accessibility are two
important factors.

Biomass conversion into fuels, additive chemicals, and thermal energy materials
is governed by three important processes. There are three types of chemical reactions:
biochemical, thermochemical, and physicochemical. There are four main processing
possibilities in the thermochemical pathway, which are outlined in (i-iv):

Combustion
Gasification
Pyrolysis
Liquefaction.
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While the biochemical pathway consists of two primary processes (i—ii):

Anaerobic digestion
Fermentation.

The physicochemical route consists primarily of extraction followed by esterifi-
cation, whereby oils are obtained from the hydrocarbons [70].

The listed biomass conversion methods are suitable for producing energy in the
form of chemical/fuel, heat, and electrical sources. These processes can generate
liquefied fuel (transport fuels), biochar, and gaseous fuels (H,, biogas, producer
gas). The bioconversion of biomass predominantly yields biofuels, which are roughly
categorized into four types and include bioalcohols, biodimethyl ether, syngas (bio-
CH,), FT fuels, and hydrogen (Table 2) [84]. Burning biomass to generate heat and
power, converting it to gas-like fuels (CH4, H;, and CO), or turning it into liquid
fuels are the three main ways to use biomass (biofuels). Currently, biomass energy
accounts for about 4% of all energy utilized globally, compared to 12% from coal,
15% from gas, and 14% from electricity [34].

Simple sugars, lipids, starches, and vegetable oils are the primary raw materials
used to make first-generation biofuels with commercialized methods. The second-
generation biofuels, made mostly from lignocellulose biomass such as non-feed
crops, forest leftovers, and household, agricultural, and industrial wastes, were devel-
oped in response to the debate between food and energy. The second-generation
biofuels still need a lot of arable lands to grow the feedstock crops while having
resolved the contentious food versus fuel dilemma faced by the first-generation
biofuels. Consequently, food development is hindered, and a dispute similar to that
around first-generation biofuels is implicitly imposed.

As described in Table 3, the third-generation biofuels that use algae and seaweed
are grown on barren ground, marshy terrain, and sea waters overcome these concerns.
These innovations are still being developed. The conceptual stage of the fourth-
generation biofuel technology is still ongoing. They are designed to be made using
technologies that successfully convert biomass into fuel, consuming more CO, during
production than is created during usage or burning. As a result, these biofuels would
be crucial in reducing gases responsible for global warming, which would help to
mitigate climate change. They are produced by genetically modified algae, a carbon-
negative energy source, with improved hydrocarbon yields, which results in the
creation of an artificial carbon sink [84].

The majority of second-generation biofuels are produced utilizing biothermo-
chemical methods from lignocellulosic sources. The procedure’s first thermochem-
ical processes include gasification and/or pyrolysis, which are then followed by
gas conditioning, cleaning, and FT synthesis to produce synthetic liquid fuels.
According to the biochemical process, the cellulose and hemicellulose components
of biomass are first broken down enzymatically into their unique sugars, which are
then fermented to make bio-C,HsOH. Despite having a lower likelihood of being
commercialized than the previous technology, this has a significant future cost reduc-
tion potential [81]. While biological processing works with lower efficiencies and
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extremely slow reaction times (days, weeks, etc.) and is unable to completely break-
down the majority of organic compounds in biomass, such as lignin, thermochemical
processes work with higher efficiencies and faster reaction times and can completely
decompose a lot of the organic compounds in biomass [70]. The pyrolysis, gasifica-
tion, and hydrothermal processing of biomass are the three current thermochemical
conversion pathways for producing fuels and chemicals discussed in the next section.

6 Thermochemical Conversion

Techniques commonly used to convert biomass or their wastes into higher calorific
value fuel by increasing the energy density of the biomass, lowering its oxygen
content, adding weight to the resulting hydrocarbon fuel, and creating carbon—carbon
bonds are termed thermochemical conversion [84]. In addition to immediately gener-
ating sustainable energy from biomass, these processes yield more practical, portable,
and energy-dense forms of energy carriers (-OH fuel, synthetic gases, light hydro-
carbon, and so on) while preserving controlled temperatures and oxygen conditions
[83]. They are influenced by the selected biomass feedstock, its ultimate properties,
proximate properties, and the process operating parameters, and these factors are
determining factors in thermo-converted product distribution and quality [35]. The
end products of biomass thermochemical processing are typically categorized as the
volatile and non-volatile fractions. The gases, vapor, and tar make up the volatile frac-
tion while char or residual ash makes up the non-volatile component [30], and they
usually take the form of the three states of matter with par or equivalent ecological
and industrial significance [69].

Biomass can be thermochemically converted via processes listed below (i—v) and
Fig. 5:

Combustion
Gasification
Pyrolysis
Torrefaction
Liquefaction

Pyrolysis begins with any type of thermochemical conversion. These techniques
liberate the energy store organic chemical energy in biomass by turning it into solid
(charcoal), liquid (bio-oils), or gaseous fuels (synthetic gas) via pyrolysis, gasi-
fication, or liquefaction, as well as direct heat via combustion or co-firing. The
most profitable of the listed thermochemical conversion processes is the one with
the greatest potential for future advancement, producing higher yield intermediate
energy carriers such as liquid or gaseous intermediate energy carriers [70]. Gasifi-
cation is the most successful and economical method for producing bioenergy from
lignocellulose biomass [84].

Variations in these processes’ operational parameters, such as heating rate in
°C/min, vapor residence time, reactor configuration, cause these processes to occur.
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Biomass waste pyrolysis products exist in three states of matter: solid (biochar),
liquid (pyro-oil), and gas (syn gas). The distribution of these products is determined
by the feedstock used, pretreatment techniques, and pyrolyzer operating conditions.
In most cases, fast pyrolysis techniques are used to achieve a maximum yield of
bio-oil, which operates at a high heating rate (i.e., 1000 °C/s) suitable for achieving
60-70 wt% bio-oil, 15-25 wt% biochar, and 10-15 wt% syngas [85]. At lower
heating rates and slower pyrolysis rates, all products (biochar/oil/gas) are capable of
providing energy to sustain and drive the pyrolysis process.

A heated sand medium in an oxygen-deprived system quickly heats the biomass
waste to the target pyrolysis temperature (450 °C -500 °C) to produce biochar, bio-
oil, gas, vapors, and aerosol that exit the reactor via the conveying fluiding gas stream
in a fluidized bed pyrolyzer.

A vacuum pyrolyzer is made up of stacked heated circular plates. A vacuum pump
maintains a vacuum, which lowers the boiling point of gas products and prevents
adverse chemical reactions. The top plate is around 200 °C, while the bottom is
around 400 °C. Scrappers transport biomass from the top plate to successive lower
plates. While moving across the plates, the biomass is dried and pyrolyzed. In this
pyrolyzer, no carrier gas is required. When the biomass reaches the lowest plate, only
char remains. The heating rate is relatively slow here, and vapor residence time in
the pyrolysis zone is short. As a result, the liquid yield in this process is relatively
low, ranging from 35 to 50% on dry feed, with a high char yield.

The longer the vapor residence time in a pyrolyzer, the more bio-oil is formed
from the biomass.

Biochar, a solid by-product of pyrolysis, is widely used in soil management tech-
niques to sequester carbon. Flue gas and syngas, which can be burned to provide heat
and electricity or used as a feedstock for FT synthesis, are the primary products of
the gasification process [35]. Only the production of liquid fuels under high pyrolysis
pressure in various solvents like H,O, CH;COCHj3, CH30H, or their mixes is the
focus of the liquefaction process (hydrothermal) [19]. The structural components of
biomass (cellulose, hemicellulose, and lignin) thermally depolymerize and decom-
pose, producing chemicals in the form of liquids, gases, and residual solid char-
coal. Numerous compounds, including benzene, ethanol, isobutanol, methanol, 3-
Pentanol, Butan-1-ol, 2-methylbutan-1-o0l, and ethanol are present in bio-o0il [15]. The
process heating rate and temperature significantly impact these compounds’ chemical
make-up. Syngas (H, & CO), CH3;OH, dimethyl ether, C,HsOH, mixed alcohols, C1-
C4 gases, hydrocarbons, FT liquids, styrenes, oxygenates, CcHsOH, cyclohexane,
biphenyls, substituted C¢HsOH, cresols, catechols, eugenols, resorcinols, syrinols,
guaiacols, etc. are obtainable from biomass thermochemically converted.

6.1 Pyrolysis

In a system deprived of oxygen, thermal degradation of biomass is termed pyrolysis,
which occurs at a temperature range of 350—450 °C to produce char, pyrolytic oil,
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and non-condensable gas [33]. The variation in the distribution of pyrolysis prod-
ucts depends mainly on the process temperatures, residence times, and particle size
distribution. Because of the composition of biomass, pyrolysis is a complex reac-
tion. To achieve fast pyrolysis, it is critical to use a small but not extremely small
particle size of biomass in order to achieve a kinetically controlled system at particle
size of < 1 mm and low heating rates. Maximum yield of bio-oil can be achieved
in fast pyrolysis with biomass particle size of < 1 mm. The higher the tempera-
ture, the faster the biomass composition is broken down to yield bio-oil and gas. At
low temperatures (slow pyrolysis), a large amount of char is produced; as tempera-
ture rises, the char degrades further to produce bio-oil; and at higher temperatures
(550 °C-650 °C), gas yield is significantly enhanced. Higher vapor residence time
in the pyrolytic chamber favors higher gas yields. It means gas production is princi-
pally favored at higher temperatures and extended vapor (hot) residence times. The
need for high-quality and large quantity bio-oil is favored by a short residence time,
and lower temperature < 550 °C while temperature below 350 °C favors the large
generation of charcoal [15]. The process condition or the modified process conditions
determines how much of these three essential products are generated via pyrolysis
[70]. This method produces fuels with high fuel-to-feed ratios, making it the most
effective method for converting biomass. Additionally, the CV of biofuel products is
optimized using thermal and catalytic processes. In comparison to other thermochem-
ical conversion processes, pyrolysis offers a broader perspective and prospects for
biomass valorization, which involves adding value to biomass wastes such as starch
wastes, rice husk, corn husk, algae, grass, municipal waste, animal wastes, and so
on by converting them to an energy source or biofuel and is roughly divided into
two groups (i—ii): fast, slow, which are based on the operating circumstances [35]. In
all practical thermochemical biomass conversion processes, pyrolysis is a key factor
in reactor design, reaction kinetics, and the determination of product distribution,
characteristics, and composition [30]
The four main pyrolysis-based processes (i—iv):

Slow pyrolysis and syngas upgrading
Fast pyrolysis and hydroprocessing
Catalytic pyrolysis and hydroprocessing

Hydropyrolysis and hydroprocessing, which are generally to provide transport
fuels [86]. The combined hydrocracking and hydrotreating procedures are referred
to as hydroprocessing. The quantity, kinds, and quality of the produced products are
strictly controlled by the chemical make-up of selected biomass feedstock and the
pyrolysis temperature [69]. The initial breakdown of the solid biomass species during
pyrolysis results in char, light gases, and secondary tar, as well as the secondary reac-
tions of the condensable volatile organic compounds. Pyrolysis of biomass in a ther-
mogravimetric analyzer runs to the highest temperature of 700 °C, but most metallic
components of this biomass degrades at higher temperatures, and also combustion
and gasification occur at higher temperatures as compared to pyrolysis. Additionally,
it happens at lower pressures (0.1 x 10°-0.5 x 10° Pa) as opposed to hydrothermal
liquefaction, which occurs at pressures between 10 and 25 MPa [35]. A key factor
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in determining the distribution of pyrolysis products is temperature. Most of the
products are made between 352 °C and 452 °C. As pyrolysis temperature increases,
the breakdown of heavy molecules in the liquid and remaining solid enriches the
gaseous portion with lighter molecules. High T (°C), a high heating rate (°C/min),
and a short residence T(s) result in high liquid production. A long residence time, a
moderate heating rate, and low temperatures encourage char formation. The produc-
tion of charcoal is reduced as the temperature rises. High temperatures, a prolonged
gas residence time, and a rapid heating rate are used to produce fuel gases [30].

The biomass components are typically thermally cracked into gases and vapor
using heat from the outside, which leads to a vast spectrum of products [70]. Many
variables influence performance, product kinds, distribution, and quality of biomass
pyrolysis. Particle shrinkage and moisture content are a couple of them, as well as
reactor design, catalysts, additives, and physicochemical characteristics like thermal
conductivity and emissivity, permeability and density, specific heat capacity, and heat
of reaction. Therefore, the variation in the parameters listed above will determine
the outcome of any pyrolysis type [35]. The high interest in pyrolysis is due to its
technological versatility, operational adaptability, and suitability for a wide range of
biomass streams and products [70].

The pyrolysis technique is characterized by short hot vapor residence in 2 s, a high
heating rate, and an overall rapid reaction time. It occurs at moderate temperatures of
roughly 500 °C. The biomass is rapidly broken down into vapor, aerosols, biochar-
coal, and gas. The process is best suited to obtain dark brown liquid bio-oil after
condensing the syngas [70]. The process produces a lower amount of biochar when
compared with slow pyrolysis [33]. Small particle size is also needed to achieve fast
pyrolysis because the pyrolyzer is designed to remove any remaining vapor to avoid
coming in contact with the hot feedstock particles again.

The following reactor types (i—iv) can be used for fast pyrolysis [35]:

Fluidized bed reactors
Ablative reactors

Vacuum reactors..

Stirred or moving bed reactors.

The acceptability of fast pyrolysis is due to its tremendous economic benefits. It
produces liquids that can be utilized as energy carriers, fuels for transportation, and
fuels for storage and energy. In this type of pyrolysis, about 60-70 w% pyrolytic
oil, 15-25 w% biochar, and 10-20 w% non-condensable gases are produced. To
optimize pyrolytic oil obtained from bio-oil, it is necessary to have conditions such
as: low T (°C) high heating rate (°C/min), and short gas residence T(s), while high
temperature, long residence time, and low heating rate are necessary to increase
gas output [30]. However, rapid heating and quenching cause intermediate pyrolysis
liquid to condense before its heavier elements break down into gaseous products [30]
and [69].

The following are the salient characteristics of fast pyrolysis for pyrolytic oil
products (high yields):

Biomass sieve to a diameter < 5 mm for quick volatilization and rapid heating.
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A brief (2 s) vapor residence duration to reduce subsequent reactions.

For maximum liquid yields, a regulated reaction temperature of about 500 °C.

For biomass to ignite quickly, its moisture level must be < 10 w%, as all of the
water from the feed’s pyrolysis processes settles in the liquid phase with the feed.

Heating and heat transfer rates should be highly rapid at the interface of biomass
particle reactions. Due to its poor thermal conductivity, this requires biomass that
has been processed to a fineness of less than 3 mm. The rate-limiting phase in this
process is the particle heating rate.

Quick removal of char to reduce vapor cracking.

The production of bio-oil through the quick cooling of pyrolysis vapor and
aerosols.

Mass and heat transfer processes, pyrolysis kinetics, and phase transition
phenomena are critical since fast pyrolysis for liquids happens in a matter of seconds.

The ability to predict the maximum pyrolytic capacity of a pyrolyzer and feed-
stock used is known as mass transfer, and the ability to predict the temperature/exit
temperature to achieve this is known as heat transfer. It is critical to subject biomass
to thermogravimetric analysis at various heating rates in order to confirm the thermal
degradation pattern. The results of this analysis can be used in kinetic analysis to
obtain useful parameters such as activation energy value (Ea), free energy G of
the pyrolysis process, and so on. Understanding the thermal degradation pattern of
biomass will reveal the state changes (solid-liquid—gas). Because fast pyrolysis is
intended to produce a large amount of high-quality bio-oil, temperature data is crit-
ical. Thus, it is crucial in this process to quickly raise the reacting biomass particles
to the ideal process temperature and reduce their exposure to lower temperatures
(for the generation of charcoal) and higher temperatures (for thermal cracking) [70].
Fluidized bed reactors are primarily used to do this. For fast pyrolysis, reactors with
bubbling fluidized beds, circulating fluidized beds, ablative flows, entrained flows,
spinning cones, and vacuum reactors are frequently utilized [33].

Fast pyrolysis has the tendency to produce H, gas through steam reforming and
water—gas shift processes. Study [87] used steam reforming of biomass pyrolysis
oil to produce hydrogen (H;). They carried out a steam reforming experiment on
a bench-scale fluidized bed unit. The tubular reactor was heated electrically from
the outside. 250 g of catalyst were loaded into the reactor. The researchers used Su
d-C11-NK Chemie’s catalyst commonly used for naphtha reforming and other four
laboratory formulations catalyst which contains Ni, K, Ca, and Mg supported on
alumina. These catalysts were first activated in an H,/N, environment at 850 °C for
about 2 h prior to the reforming reaction. Superheated steam, which is also a reactant
in the reforming process, was used to fluidize the catalyst. Pyro-oil was loaded at
the rate of 84 g/h through a temperature-controlled injection nozzle and sprayed as
very fine droplets on the catalyst. A cyclone and a hot-gas filter were used to collect
fine catalyst particles and possibly char generated in the reactor. The fluidized bed
unit was incorporated with two heat exchangers for condensing the excess steam and
obtained condensate weight was constantly monitored. A mass flow meter and a dry
test meter were used to measure the outlet gas flow rate. Infrared spectrometer and a
microgas chromatograph were used to measure the concentrations of hydrogen gas
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(H»), carbon oxides (CO, & CO), light hydrocarbons (CHy4), ethane (CH, = CH,),
and N in the reformed gas. For all the catalysts, H, gas volume percentage in the
product gas was around 70 vol.%, and the yield was 70-80% of the stoichiometric
potential. The reaction sequence is as described in reactions (i-iii) below[87]:

CH,0, + (x —2)H,0 - xCO+ (x + 3 —2)Hy ....... rxn.(i).

CO+H,0«< CO,+H, ...... rxn. (ii).

C+H,O«~ CO+H,...... rxn. (iii).

The processes entail the conversion of CHy, straightforward aromatics, various
hydrocarbon vapors (C,-Cs), and others that are primarily converted into H, gas.
Generally speaking, steam reforming turns hydrocarbons into CO and H,, and the
CO then reacts with water to create H, and CO; [33]. Although it has been commer-
cialized for the manufacturing of chemicals, the technology is still being worked on
for the generation of liquid fuels. Lab-scale fast pyrolysis techniques have higher
energy efficiency and comparatively lower capital cost than other thermochemical
conversion methods [30]. Lab scale has small-scale size pyrolyzer reactor, hence heat
transfer is effective throughout the reactor, and the smaller size dictates lower cost
when compared to industrial pyrolyzer. The drawbacks of lab-scale fast pyrolysis are
that the samples must be heated at high rates (around 200 °C/min), necessitating the
use of high energy heating elements, and the small reactor size can only accommodate
a limited amount of feedstock, resulting in a low bio-oil yield. An external energy is
required to achieve fast pyrolysis which means the process itself is an endothermic
reaction. The external heat supply degrades polymers (hemicellose, cellulose, and
lignin) at different temperature.

Liquids and gases are by-products of slow and intermediate pyrolysis, which
focuses on the production of biochar. The process is characterized by longer vapor
residence time and greater particle sizes compared to fast pyrolysis, and it takes place
at low temperatures with mild heating. It is a well-known process that frequently
occurs in the conventional charcoal kiln between 277 and 677 °C [69]. The most
often used slow pyrolysis technologies include agitated (i—iv) [35]:

Drum kilns

Huge retorts (continuous or batch)
Rotary kilns

Screw pyrolyzers.

Slow pyrolysis is frequently used to decrease the amount of waste that needs to be
disposed of and to lessen the adverse environmental effects of waste. Additionally,
pyrolysis has been utilized for centuries to produce charcoal; nevertheless, it wasn’t
until recently (within the past 35 years) that rapid pyrolysis for the creation of liquids
was created [70]. The petroleum equivalent of bio-oil is produced by the flash pyrol-
ysis process, which runs at temperatures between 777 and 1027 °C and has a yield
efficiency of up to 70%. Along with producing pyrolytic water, this procedure also
has significant drawbacks. This bio-crude oil can be utilized as refined fuels for the
production of heat and electricity or directly as fuel in boilers, motors, and turbines
[69].
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6.1.1 Energy Application of Pyrolysis Products

. The production of solid (char), liquid (tar), and gaseous products by the pyrolysis
of biomass is a well-known process that can replace or provide an alternate energy
source to fossil fuels. The liquids can either be catalytically transformed into liquid
transport fuels or used directly as liquid fuels for boilers, diesel engines, and gas
turbines to generate heat and power. Through catalytic cracking and hydrogenation,
its oxygen content may need to be reduced and its alkalis content eliminated for other
applications [30] and [69]. It mainly produces volatile materials or flue gas that is
high in carbon. The flue gas is typically utilized to produce hydrocarbons, solvents
(acetone, methanol), and power. Chemicals like CH;COOH and levoglucosan, which
can be converted into motor fuel or burned to produce energy, are abundant in the bio-
oil component. The char could be used as activated carbon in industrial applications,
slurry fuel, or soil enrichment agents [35].

In all thermochemical conversion processes, pyrolysis is crucial to determine reac-
tion kinetics, reactor design, and the assessment of product distribution, composition,
and characteristics [69].

6.1.2 Biomass Pyrolysis Oil

Pyrolysis oil is dark brown in color, a mixture of complex compounds with unknown
quantification of the exact chemical composition. Its components are organic classes:
hydrocarbon, aldehyde, aromatic, organic acids, ethanol, methanol, C¢HsOH, anhy-
drosugars such as levoglucosan, pyrolytic lignin (a guaiacyl- and a syringyl-based
fragment of the original polymeric lignin), and a limited amount of H,O make up
the majority of their chemical make-up (about 25%). Two distinct phases make up
the pyrolysis liquid (i-ii) [30]:

An aqueous phase which is majorly organo—oxygen compounds of low molecular
weight,

e.g., (higher CH;OH, CH3COOH, and acetone ratios).

iil. A non-aqueous phase that is primarily made up of high-molecular-weight
insoluble organics called tar or bio-oil (aromatics).

A liquid mixture of oxygenated molecules with carboxyl, carbonyl, and phenolic
groups makes up the bio-oil component of the pyrolysis products. Its chemical and
physical composition differs significantly from that of fuels obtained from petroleum.
Still, bio-oil is highly similar to the original biomass, making it difficult for pyrolytic
oils to use as a substitute for fossil fuels. The chemical constituents of bio-oil are the
same as those of the biomass from which it was derived [15]. The high water content
of bio-oil content must be reduced before it could be suitable as engine fuel.

Components distribution in pyrolytic oil (i—vi):

About 20-25% H,0
25-30% H,0O-insoluble pyrolytic lignin
5-12% organic acids
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5-10% anhydrosugars
5-10% of non-polar hydrocarbons
10-25% oxygenated compounds.

Their low energy density is due to the water content of bio-oils, which decreases
the flame temperatures of the oil, results in ignition problems, probable injection
problems, and early oil evaporation during preheating. They are very polar and readily
absorb over 35% water, in contrast to non-polar, insoluble petroleum oils. They also
have a low heating value of 16 MJ/kg as opposed to 43 MJ/kg for ordinary diesel fuel
because of their oxygenated nature and water content. The oils’ pH range of 2.5-3.0
contributes to their mildly acidic nature. Additionally, compared to their petroleum
equivalents, oxygenated bio-oils have significantly higher kinetic viscosities and
densities [30].

Pyrolytic oils are typically used as fuel for boilers and turbines to produce heat
energy and electricity. Through thermal or catalytic cracking, they can also be
upgraded into transport fuels, or they can be used to produce useful chemicals and
organic solvents. Bio-oils’ low volatility, high viscosity, corrosiveness, and coking
have, however, limited their applicability thus far.

Bio-oil does not dry off easily (low volatility); if directly used as engine fuel,
large residue of carbon will be left in the ignition part of the engine.

One of the properties of fluid is viscosity, and for pyrolytic oil, its kinematic
viscosity is the parameter usually measured at 40 °C. There is tendency for bio-
oil viscosity to change during storage because of phase separation of its compo-
nents (water and oil). Based on standard, bio-oil that could be use as fuel should
have maximum viscosity is 125 ¢St ( or mm?/s) (ASTM D7544) while the standard
viscosity of pure biodiesel is between 1.9-6.0 cSt (B100 and ASTM D6751). The
composition of is bio-oil complex which depends on its source [15], i.e., the biomass
and its water content which is responsible for variation in bio-oil viscosity. Addition
of alcohol, e.g., small amount of CH3;OH, will decrease the rate of viscosity increase
during storage.

Bio-oil derived from biomass pyrolysis was extremely corrosive to carbon steel
and 214 Cr - 1 Mo steel, and some of the bio-oils corroded 409 stainless steels signif-
icantly. X-ray diffraction (XRD) analysis was used to identify compounds formed on
the surface of the corroded carbon steel and 214 Cr - 1 Mo steel, which confirmed a
hydrated form of iron formate. The study confirmed that formic acid is a significant
corrodent in bio-oils, but it is almost certainly not the only corroding species, as
evidenced by the lack of a direct correlation between formic acid concentration and
measured corrosion rates [88].

SS410 alloy specimens were immersed in pyro-oil containing varying concentra-
tions of four -COOH compound. Corrosion exposures revealed a linear relationship
between the amount of formic acid added to the bio-oil and the amount of SS410
mass loss, indicating that formic acid is the most aggressive of the four acids tested
[89].

Coking of bio-oil occurs during thermal cracking; coke has higher oxygen content
than raw bio-oil and appears spongy [90].
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Levoglucosan, furfural, HCOOH, guaiacol, cyclopentanone, CH;COOH,
methoxyphenyl, CH30H, CH3;COCHj3;, CgHsOH, and their alkylated phenol are a
few examples of these. The following chemical groups, as well as the minimum and
maximum weights of the compounds that might probably be produced from fast
pyrolysis oils, are listed in the study [30]): acids, ketones, aldehydes, aromatics, etc.
that are organic.

6.1.3 Types of Pyrolysis

i Slow pyrolysis is a thermochemical reaction typically occurring at 400 °C or
lower. The three pyrolytic products are all used, although biochar is the most
frequent. If some charcoal or oil is burned together with the pyrolytic gas, the
heating process can be continuous and self-sufficient. This will give the reaction
all the energy it needs to move forward. The heating process is often sluggish
and low-rate, releasing gases with very little bio-oil. There is excellent potential
for slow pyrolysis to produce biochar [16]. Due to a few process limitations,
slow pyrolysis is not the best method for creating high-quality bio-oil. Data
from Nigerian forestry and wood processing show that as of 2010, biomass
wastes from solid and dust from logging, sawmilling, plywood, and particle
board manufacturing totaled 65,753,628 m? [65]. This mi ghthave been converted
into charcoal through slow pyrolysis, providing clean energy for factories and
peasants’ boilers.

ii. Fast pyrolysis: This method is typically used at 500 °C and a heating rate of
1,000 °C/s [16]. In a compartment with low oxygen levels, the pyrolyzer elevates
the temperature of the biological materials to a high level. It occurs at a quick
heating rate, which causes a substantial heat transfer to produce vapor with a
short residence period, swiftly cooling and yielding a sizable volume of bio-oil
[23]. The pyrolyzer uses this method to produce syngas, continuously burned to
keep the system temperature constant. Fast pyrolysis can produce 15 to 25% char,
60 to 70% of pyrolytic liquid, and only 10-15% of pyrolytic gases; however,
this mostly depends on the feedstock. Production of pyrolytic liquid for use
as fuels, specialty compounds, and industrial chemicals has been a prominent
application of fast pyrolysis technology. Agricultural waste, widely available in
Nigeria, can also be used to extract bio-oil, the main by-product of this process,
and transform it into biofuel. According to a study by [91], Nigerian maize cobs
have an excellent potential for producing bio-oil, which may be used to generate
electricity.

iii  Flash pyrolysis, a procedure that can create up to 75% of the bio-oil produced,
can be used to produce the gas, bio-oil and char [24]. The biomass is rapidly
devolatilized in an oxygen-free chamber with a gas residence time of < 1 s, a
suitable high heating rate, and reactor temperatures in the range 450 °C-1000 °C
[92]. Although this method generates a lot of bio-oil, it has significant techno-
logical restrictions. Flash pyrolysis has some technological limitations which
include: poor thermal stability, char formed has catalytic properties that activate
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iv.

6.2

the bio-oil to produce a more viscous bio-oil that sometimes contains some solid
residues.

The produced pyrolysis oil has low heat stability, tendency for iron rustiness,

incorporation of particles in the oil, produced char acts as catalyst reducing oil
lubricating value over time, production of alkali in bio-oil, etc. [93].
Vacuum pyrolysis: In a vacuum, this form of pyrolysis occurs at lower pressure.
Vacuum pyrolysis was first carried out in 1914 [94]. By removing the primary
volatile products from the heated part of the pyrolyzer chamber, this type of
pyrolysis slows down the breakdown processes that come after [95]. According to
[96], inhibiting the cracking process and recondensation lowers gas production.
Catalytic pyrolysis: This process, which produces primarily liquid that can be
utilized as fuel or valuable compounds, occurs in an oxygen-deficient environ-
ment at moderate temperatures (about 500 °C), a high heating rate, and a brief
residence period. This strategy has the best possibility of resolving the problems
with polymerization, corrosion, low heat stability, and high viscosity that liquid
pyrolysis products have. Additionally, it facilitates the handling and transporta-
tion of these liquid items [30]. A catalyst’s effects during a pyrolysis process can
include cracking reactions and upgrading biomass products, depending closely
on the catalyst type and reactor design. Pyrolysis vapor is catalytically broken
over a range of catalysts to create a variety of liquid and gaseous fuels. By
reducing the oxygenates in a particular pyrolysis oil with the help of zeolites
catalysts, the energy content of the oil is decreased [35]. In addition to promoting
the synthesis of high-value products (hydrocarbons) that can raise the value of
bioheating oil, catalysts are frequently employed to reduce oil viscosity, mini-
mize the corrosiveness of bio-oil (by reducing carboxylic acid formation), and
ultimately. Catalysts alter the pyrolysis procedure as illustrated below [35]:

i. Might cause a significant decrease in the temperatures at which biomass
constituents decompose.

ii. Affect reaction networks as well as multifunctional phenols, which are
precursors to polymerization and are used to stabilize bio-oil (deoxygena-
tion).

iii. There is a chance that CO, CO,, and H,O will be emitted during the
decarboxylation, decarbonization, and dehydration reactions.

iv. Promote coke production through dehydration procedures (mostly due to
the very acidic catalysts).

Gasification

In the presence of gasifying agents like O,, air, steam, CO,, or their mixtures as
well as impurities like nitrogen, sulfur, tars, and alkali compounds, the gasification
process transforms carbonaceous materials (coal, petroleum coke, biomass, etc.) into
combustible gases (CO, H,, CO,, CHy, etc.) and trace amounts of light hydrocarbons
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[33]; [86] and [97]. Syngas is the ultimate by-product after the production of bio-oil,
an intermediate. In conjunction with a catalytic or chemical upgrading facility, the
conversion unit frequently transforms syngas and bio-oil into usable biofuels and
chemicals [84]). The process of partially oxidizing biomass at high temperatures to
produce mostly gaseous products with very little tar and ash is known as “biomass
gasification. “According to the gasifying agent, the gasification process is typically
split into groups: steam, air, airstream, steam-oxygen, oxygen-enriched air, etc. [30].
Temperature increases favor gas production. Recently, advanced gasification tech-
niques have been used for plasma gasification [61] and [70] and supercritical water
gasification to break down biomass into primarily H,, CO, and CO,.

Hydrodynamics, or how the gasifying agent interacts with the solid fuel, operating
circumstances (temperature, pressure, etc.), and the gasifying chemicals used by
different biomass gasifiers all differ (air, oxygen, or steam).

Common types of gasifiers.

Entrained flow.

Fluidized bed.

Fixed-bed (updraft, downdraft, or cross draft).

The fixed-bed gasifiers are the most appropriate of these gasifiers [33] and [61].
The type of fuel, its properties (such as moisture content, particle size, density, ash
content, and toxicity), how oxygen is delivered, and the type of combustion bed
all affect how these gasifiers are constructed [69]. Supercritical water gasification
(SCWGQG) is a highly effective method for converting high moisture biomass materials
like algae, manure, olive mill water, sludge, etc. into H, (with little tar) [84].

6.3 Biomass Gasification Mechanism

Depending on the process temperature, this technology converts organic feedstock
(solid fuel or liquid) into gases. Syngas is a gaseous mixture primarily made up of
CO, H,, CHy4, and CO, with traces of tar and ash at temperatures above 1200 °C and
below that. The effectiveness of the process and subsequent end-use are adversely
affected by potential gasification by-products including tar and ash [70].

When the carbon in the feedstock material is partially oxidized in the presence
of gasifying carriers (air, oxygen, steam, or CO,), char is created. Char is a mixture
of ash and unconverted carbon [59]. The inert component of the processed biomass
is called char, which is the unconverted organic fraction. Producer gas, also referred
to as syngas, is a gaseous mixture of nitrogen, light hydrocarbons (ethane, propane),
heavy hydrocarbons (tar), methane (CHy4), carbon monoxide (CO), carbon dioxide
(CO,), and hydrogen (H,). It condenses at temperatures between 250 and 300 degrees
Celsius. Some of the contaminants include tar, particulate matter, alkalis, halides,
sulfur, hydrogen sulfide (H,S), chloridric acid (HCI), and inert gases like nitrogen
(N). The amounts of each component, as well as ash and unconverted carbon, are
influenced by the kind of biomass used as feedstock, the gasifying agent, and the
gasification process operating parameters [14, 69, 84].
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Tabl.e 4 Typical gasification Reaction Calorific value (Kj/mol)
reactions

2C + Oz(g) <« 2CO(g) + 246.4

2C + Oyg) < COy(g) +408.8

CHyg) + H20(1) < —206

CO(g) + 3H2(g)

CHy(g) + 2H20(1) < —165

COx2g) +4Ho)

C + COyg) < 2CO(g) —172

C+HO() < CO+H0() | —131

The basic example of biomass gasification is lignocellulosic biomass, which when
burned in an oxygen environment produces CO, CO,, H,, CHy, light hydrocarbons,
tar, charcoal, ash, H,S, NHj3, and trace species [84, 30]. The many chemical reactions
that take place during biomass gasification are listed in Table 4 [97].

Based on temperature ranges and reaction chemistry, the entire gasification
process is separated into primary, secondary, and tertiary reaction stages. At temper-
atures lower than 500 °C, biomass is first converted into oxygenated vapor and
liquid species with water and CO,. At temperatures between 700 and 850 °C, the
initial moisture and liquid species react to create CO, H,, CO,, water vapor, phenols,
gaseous olefins, and aromatics. The tar is made up of mixed oxygenates, phenolic
esters, alkylphenols, heterocyclic esters, and PAHs. Processes like methanation,
steam reforming, cracking, and water—gas shift also take place in addition to the
tars and residual gases. At temperatures between 850 °C and 1000 °C, the tertiary
reactions result in liquid tar, water vapor, PAHs, CO, H,, and CO, [84].

To achieve optimum gasification, it is necessary to effectively control the process
requirements for the biomass feedstock’s homogeneity, bulk density, moisture and
ash content, particle size, and energy content [70]. The woody biomass is first dried
at temperatures above 200 °C before being gasified. Char and vapor are created
early in the pyrolysis process. The char and vapor are oxidized by the oxygen in
this atmosphere, releasing pollutants such as sulfur, tar, NH3, and others as a gaseous
mixture of CO, H,, CO, and H,O [70]. The energy required for the biomass oxidation
step is frequently supplied by an allo-thermal technique (energy from an external
source) as well as an auto-thermal procedure (internal heating of the gasifier by
partial combustion) [61]. The process of gasification is entirely endothermic. The
process of converting biomass into gas involves the following crucial techniques
[97]:

Exchange of air (exothermic): This is necessary to generate the thermal energy
that the endothermic processes (as a whole) require and to maintain the system’s
required operating temperature. In the absence of oxygen, the fuel only partially
oxidizes while maintaining the stoichiometric ratio.

Dried (endothermic): In this instance, the feedstock’s moisture content evaporates
and directly impacts heat production.

Around 150 °C is the temperature at which this process is completed.



282 A. O. Adeoye et al.

i. Pyrolysis (endothermic): The breakdown of cellulose, hemicelluloses, and lignin
occurs in biomass species between 250 and 700 °C, resulting in the generation of
light molecules such as solids (char), liquids (tars), and gases (CO, H,, CO,, and
light hydrocarbons) [30, 97]. Heat transfer, series reactions, and product diffu-
sions are examples of process phenomena. At low temperatures, the reaction’s
kinetics is rate-limiting, but at high temperatures, the process is controlled by
heat transfer or product diffusion.

ii. Decrease (endothermic): Here, char and other remnants from the earlier steps
are reduced through a series of reactions to create the final syngas [97]. Full-
scale biomass gasification typically takes place between 800 °C and 1100 °C,
while systems requiring oxygen for the gasification stage usually operate between
500 °C and 1600 °C [59]. The reduction temperatures influence the final qual-
ities of the syngas constituents and the solid residue. The gasification pathway
offers the best potential for incorporating flexible primary fuel input concepts
and product mix ideas that could achieve zero or even negative carbon emissions
[83]. The method improves the use of biomass and uses gas turbine technology
to generate biomass electricity more effectively and at lower investment costs.
Because the gas turbine’s waste gases are collected and used to generate steam
for the steam turbine, combined-cycle gas turbine systems can reach higher
efficiencies of up to 50% [24].

Almost all hydrocarbon molecules, including C,HsOH, CH30H, transport fuels,
dimethyl ether (DME), methane, and high-value compounds, can be created from
syngas after it has been treated. Using the Fischer—Tropsch process, catalyzed by
transition metal-based catalysts (cobalt or iron) at a higher temperature, syngas can
also be upgraded into biomethane for injection into the gas grid or transformed
into synthetic diesel. Separated hydrogen can be used to power both fuel cells and
batteries in electric vehicles. However, the final end-use of the syngas is significantly
influenced by end demand and plant scale [70]. Hydrocarbon waxes and long-chain
alkanes are also produced when the clean syngas is processed by the Fischer—Tropsch
method over a cobalt, platinum, or iron catalyst [86]. These products need upgrading
and purification, but doing so consumes a lot of energy, is expensive, and necessitates
further research and development to make them more effective for use on a large scale
[70].

Catalysts are needed for the production of gasification products. They increase
conversion effectiveness, enhance gas quality, and lower tar content. Common gasifi-
cation catalysts include dolomite, alkaline metal oxides, olivine, and Ni-based oxides.
It is well known that the Fischer—Tropsch process converts syngas into liquid fuels
like diesel and hydrocarbons using iron, cobalt, ruthenium, and potassium catalysts.
However, while selecting a catalyst, the intended end product should be consid-
ered in addition to the catalyst’s characteristics and the reaction pathways [30]. For
partial tar oxidations, catalytic steam reforming, and the catalytic upgrading of the
gasification products into liquid biofuels, dolomite- or Ni-based catalysts are widely
utilized in gasifiers. This is frequently carried out after a successful gas cleaning and
composition modification [70].
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6.4 Pretreatments and Feedstock for Gasification

Cellulose, hemicellulose, lignin, and protein breakdowns for the softwood, hard-
wood, and straw gasifiable biomass feedstocks are provided in Table 5 [59]. Saccha-
rides that polymerize into long strands are the biomass fibers (cellulose and hemicel-
Iulose). Lignin, phenolic polymers that link fibers and are essential for maintaining
the structural rigidity of proteins, serves as the binding agent between the fibers. The
majority of proteins are produced by herbaceous plants [59]. These energy sources
can be divided into the following groups: Biomass blends, wood, leftovers, animal
and human waste, contaminated and industrial waste, waste biomass, and agricultural
and horticultural waste are only a few examples [84].

The goal of biomass pretreatment is that biomass feedstock must be consistent
in size, composition, and moisture content (25-30wt%) for the gasification process
to function correctly. Torrefaction and hydrothermal upgrading (HTU) are the two
non-drying pretreatment techniques for gasification [59]. Torrefaction increases the
potential for gasification of biomass by reducing moisture, hydrogen, and oxygenated
molecules at temperatures between 200 °C and 300 °C in an inert environment
without oxygen. It might increase the biomass’s ability to withstand moisture and
improve its heating value as a form of mild pyrolysis. The biomass feedstock’s high
moisture content and solid fibrous structure are lost during this process, increasing
the material’s energy density. Pelletization and torsion can both occur at the same
time [59] and [84]. Bio-crude is produced by hydrothermal upgrading (HTU), which
breaks down biomass using water as a solvent. The procedure is typically carried out
in two steps: first, the biomass feed is treated in water at pressures of approximately
30 bars and temperatures of 200 °C to 300 °C, and then the biomass (bio-crude) is
converted at pressures of 120—180 bar and temperatures of 300 °C to 350 °C for a
variable time of 5 to 10 min. The resulting bio-crude contains a range of hydrocarbons
that can be used to make chemicals, a fuel that is synthetically made to resemble
diesel, or as a co-fuel in coal-fired power plants [33].

Table 5 Biomass feedstocks for gasification

Supply sector | Example

Forestry Wood chips, wood blocks, and willow

Agriculture | Herbaceous plants such as miscanthus, reed canary grass, giant reed, oilseeds for
methyl esters such as rapeseed and sunflower, and sugar plants such as maize and
wheat for ethanol production

Industry Straw, wet and dry manure, industrial waste wood, sawdust from sawmills,
fibrous vegetable waste from paper manufacturers, and pruning of fruit trees and
vineyards

Waste Grass and pruning remnants from parks and gardens, organic elements of

municipal solid trash, biodegradable garbage buried in landfills, landfill gas, and
sewage sludge
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6.5 By-products of Biomass Gasification

The type and composition of the fuel, the gasifying medium or gasifier design, the
temperature, the operating pressure, the moisture content of the fuel, and the method
of contact between the reactants (biomass fuel and gasifying agent) within the gasifier
all affect the precise components of the products produced by biomass gasification.
Therefore, it is impossible to ascertain the precise composition of the gas produced
by biomass [30]. The highest quantities of tar and dust in hardwood, lowest levels
of char in softwood biomass, and highest levels of hydrogen are produced by straw
[59]. The characteristics of the feedstock, such as its moisture content, ash content,
volatile matter, char, organic contents, thermal conductivity, and inorganic elements,
have a considerable impact on gasification [61]. By-products of gasification may be
solid or gaseous, frequently divided into a gas and a condensable phase. Less than one
weight percent of char is present in the solid phase (ash), composed of inert feedstock
components and unreacted char. Char is acceptable for direct industrial application
because it contains more carbon than 76%. The gas phase in the gas/vapor phase
(syngas) is constituted of an incondensable gaseous mixture of CO, H,, CO,, CHy,
light hydrocarbons, and some C2-C4 hydrocarbons as well as a negligible amount
of NH3, H,S, and HCI, depending on the make-up of the feedstock. They can be
burned to produce heat or power or used to produce chemicals, hydrogen, or liquid
transportation fuels. Syngas’ dry mass basis generation can range from 1-3 Nm?/kg,
and its low heating value (LHV) can range from 4 to 15 MJ/Nm?.

In gasification, products formed are bio-oil, gas, and tar, but gas has the highest
percentage. Table 6 presents a physicochemical comparison of pyro-oil and diesel
fuel, and Table 7 presents tar classes [59].

Table 6 Physicochemical

comparison of pyro-oil and Physical Properties Bio-oil Diesel Fuel
diesel fuel MC 20-30 wt. % 0.1wt.%
pH 2.0-2.5
Density 1.2 kgm™3 0.94 kgm~3
Ultimate Analysis (wt%)
C 55-58 85
H 5-7 11
o 35-40 1
N 0-0.2 0.3
Ash 0-0.2 0.1
Gross CV 16-19 MJKg~! |40 MJKg™!
Viscosity 40-100 cp 180 cp
Biochar (wt.%) 0.1-0.5 1.0
Vacuum distillation residue | Up to 50 wt.% One wt.%
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Table 7 Classes of tar

285

Tar Type | Type Name Peculiarity Characteristics
Compounds
1 GC-undetected Very heavy tars that are not | calculated by deducting
GC detectable the total gravimetric tar
from the GC- detectable
tar fraction
2 Heterocyclic aromatics | Tars with heteroatoms and Phenol, dibenzo phenol,
other highly insoluble in pyridine, phenol, cresol,
water substances quinolone, and
isoquinoline
3 Light aromatics (1 ring) | typically thin, single-ring Xylene, styrene, toluene,
hydrocarbons that don’t have | and ethylbenzene
any issues with
condensability or solubility
4 Light PAH compounds | compounds with 2 and 3 Fluorine, anthracene,

(2-3 rings) rings condense at low indene, naphthalene,
temperatures even when biphenyl, acenaphthene,
their concentration is and phenanthrene
relatively low

5 Heavy PAH compound | These compounds, which Coronene, pyrene,

(4-7 rings) have more than three rings, | chrysene, perylene,
condense at high fluoranthene, and pyrene
temperatures and low
concentrations

The rate of the process of synthesizing gaseous fuels from biomass is governed
by the rate-limiting phase known as char gasification [59]. Bituminous oil is believed
to exist as the condensable phase (tar), composed of various chemical components.

The European Board of Standardization refers to all organic chemicals present
in syngas with established analysis methodologies as “tar” (a complex mixture of
condensable hydrocarbons), with the exception of the gaseous hydrocarbons C1-C6.
The tar composition is greatly influenced by the gasification procedure, the oper-
ating circumstances, and the biomass feedstock. They are normally grouped into five
major classes based on their molecular weights (Table 7) [59]. Tar is a by-product
of the pyrolysis process and is degraded and recombined during the gasification
stage. Depending on how they form, they are separated into three groups: primary,
secondary, and tertiary tars. The primary tars are formed immediately during the
pyrolysis cycle and are dependent on the biomass intake. Due to the high oxygen
concentration of cellulose and hemicellulose as feedstock, primary tars made of
oxygenated chemicals (carbon acids, aldehydes, alcohols, ketones, etc.) are produced
from these materials. Aromatic compounds, especially bi- and tri-functional substi-
tuted phenols (xylenol, cresol, etc.), are the main by-products of lignin pyrolysis
[59].

The oxidation cycle results in the production of secondary tars. At temperatures
above 500 °C and in the presence of an oxidant such air, oxygen, or steam, their
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manufacture involves the rearrangement reactions (dehydration, decarbonylation,
and decarboxylation) of primary tars [59]. They include dioxin, furan, pyridine, thio-
phene, and other hetero- and mono-alkylated aromatics. Tertiary tars, often referred
to as recombination or high-temperature tars, are produced at temperatures higher
than 800 °C. They mostly consist of polynuclear aromatic hydrocarbons (PAH), such
as phenanthrene, benzene, pyrene, and benzopyrene, as well as aromatics. Instead of
during biomass gasification, tertiary tars are frequently created following the recom-
bination and degradation of primary tars in the syngas reduction environment. They
also do not live with primary tars; rather, they only emerge as secondary tars once
all primary tars have been changed [59].

6.6 Upgrading Methods for Bio-oil

Bio-o0il made from biomass is not suitable for use directly in engines due to its
abnormally high moisture content, low energy density, and lack of a free-flowing
physical form. Because of this, bio-oil needs to be cleaned and improved in order to
increase its fuel efficiency, remove impurities, and increase its energy density [98].
Table 6 compares the differences between pyrolysis oil and diesel fuel [73].

Its major characteristics include bioviscosity, acidity, thermal instability, and a
substantial proportion of oxygenated molecules. It can be difficult to produce high-
quality bio-oil that perfectly replaces fossil fuels. To solve this issue, the bioquality oil
must be raised in the manufacturing facility before total production or through product
enhancement [30]. The three main procedures for converting bio-oil into high-quality
transportation fuels are zeolite upgrading, hydrodeoxygenation using a hydrotreating
catalyst (alumina supported sulfided CoMo or NiMo), and emulsion formation with
diesel fuel. Char and bio-oil can also be combined with steam reforming to produce
syngas or H, [30]. Bio-oil needs to be enhanced to improve its quality and purity
because it is commonly generated with impurities. Physical, chemical, or catalytic
methods can be used [70].

Integrated catalytic pyrolysis or decoupled liquid phase hydrodeoxygenation are
two methods for catalytic bio-oil upgrading, which is the complete deoxygenation of
the bio-oil and conventional refining. A partial upgrade into intermediate products
compatible with refinery streams is additionally suggested to take advantage of the
traditional refinery’s substantial scale economies of scale and breadth of experience.
The three fundamental ways of upgrading through refinery integration are gasifica-
tion to syngas followed by synthesizing alcohols or hydrocarbons, in situ or ex situ
catalytic vapor cracking, and hydrodeoxygenation [70].

To form saturated C—C bonds by removing oxygen, bio-oil is treated with high-
pressure hydrogen at moderate temperatures (302 °C-602 °C) in the presence of
heterogeneous catalysts, increasing the fuel’s energy content and stability. When
hydrotreating industrial feedstocks, sulfided CoMo/Al,O; and NiMo/Al,O3 are
frequently used [30]. A hydrogen supply, a temperature of around 400 °C, and a
pressure of about 20 MPa are needed. Because of the phenols in bio-oil, complete
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deoxygenation is frequently difficult. A naphtha-like by-product of full hydrodeoxy-
genation needs traditional refining to produce conventional transport fuels like gaso-
line. The estimated comparable output from biomass is 25 w%, or around 55% in
terms of energy, without the addition of hydrogen. The yields are reduced to roughly
33% in energy and 15% in weight when hydrogen from biomass gasification is added
[70].

Hydrogen must come from sustainable and renewable sources. It is possible to
create Hj locally by electrolyzing water, gasifying biomass, converting CO to H,, and
removing the H,, steam-forming bio-oil, or the aqueous phase of a phase-separated
product to H,, converting CO to H, and removing the H,, and more.

Given the high expenses of delivering and storing H,, external supplies are improb-
able [70]. Zeolite cracking/upgrading, which removes oxygen primarily as CO, with
atrace quantity of CO from catalyst coking, takes place in a closed system at pyrolysis
temperatures between 352 °C and 502 °C and standard atmospheric pressure. The
oil’s thermal stability is enhanced as a result. It is estimated that the procedure will
produce aromatics at a rate of about 18%. The chemical industry highly emphasizes
the manufacture of aromatics, a crucial primary chemical [70].

Because the pyrolysis oil’s negative side effects prevent direct use, it is frequently
enhanced by being transformed into gasoline using zeolites (crystalline microporous
aluminosilicate materials). This method generates hydrocarbons and by-products
such as coke, water, and COx by forcing oil vapors over the catalyst at temperatures
between 300 and 500 degrees Celsius. The impacts of unprocessed biocoking oil are
eliminated by coke production (on the zeolites). Depending on the kind of organic
component being treated, the catalyst extracts CO,, CO, or H,O [19]. Zeolite cracking
of bio-oil is particularly advantageous because it does not require Hy, operates under
atmospheric pressure, significantly lowers operating costs, and occurs at temperatures
equivalent to those needed to produce bio-oil. The ZSM-5 zeolite catalysts transform
oxygenated oil into mixtures of hydrocarbons ranging from C1 to C10 using their
potent acidity, high activity, and shape selectivity. This method’s primary limitations
are its simple coking, poor yield (14-22.5%), and brief catalyst life [30].

The temperature range required for catalytic steam reforming over a nickel catalyst
is 752 °C to 852 °C. The following technique has two steps reactions. (1 and 2), the
shift response being one of them [30].

Pyro — oil + H,O — CO + H; (Reaction 1) CO + H,O — CO; + H; (Reaction
2)

6.7 Syngas Processing

Tar, particulate debris, nitrogen (NHs, HCN), alkali, halides, sulfur (H,S, COS),
and trace elements are common contaminants in synthetic gas. These pollutants are
leading causes of gasifier blockage, corrosion, and catalyst deactivation. Biofuels,
chemicals, and electricity generation use synthetic gas as raw material. As a result,
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Fischer—Tropsch synthesis, the production of biomethanol, the use of fuel cells, and
other processes require syngas.

Syngas is typically used to generate biohydrogen (at a rate of 25%), NH; (at a
rate of 50%), and other processes such as the production of biomethanol and FT.

The methods used to clean syngas are frequently divided into two groups based on
the temperatures at which its constituent elements condense. Some of these pollutants
are covered along with the techniques employed to purify them [84].

Flue gases and unwanted by-products like ashes and tar (the gasification bottle-
neck) are the principal by-products of biomass gasification used to produce elec-
tricity. The latter is typically discarded despite having significant chemical and fuel
potential.

Recently, efforts have been made to valorize this biomass gasification waste into
liquid fuels and chemicals due to the complicated nature of gasification tar, which
contains hundreds of chemical components and has a significant potential for soil
contamination when released into the environment untreated [58].

However, tar treatment, removal, or conversion severely impedes the development
and use of biomass-derived gas (poor efficiency, fouling tendency, plugging pipes
and tubes, operational problems, etc.). End pipe tar syngas cleanup, in-bed catalytic
tar reforming, and in-bed thermal tar cracking technologies are a few techniques that
are frequently employed [59]. By encouraging the transformation of tar into useable
combustible gases through processes like steam reforming, thermal cracking, dry
reforming, hydrocracking, water—gas shift reactions, and hydroforming, catalysts
play a critical role in increasing reaction rates at low temperatures. They could serve
as feedstock or bed materials [33].

Right now, the primary goal of biomass gasification is to produce fuel gases with
low- or medium heating values for use in internal combustion engines that produce
power.

Less emphasis has been given to gasification in the literature than to manufac-
turing liquid chemicals or transportation fuels. Gasification provides a great deal of
flexibility and efficiency to value biomass. To promote future technologies, gasifi-
cation systems and procedures must be complex, affordable, and highly effective.
To increase process efficiency, boost gas quality and purity, lower investment costs,
and improve the technology’s performance in the future, additional research and
development into biomass gasification are necessary. Fundamental conditions for
attaining these include high-temperature gas cleaning, catalytic conditioning, and
the development of novel catalysts, sorbents, and high-temperature filter media.

6.8 Hydrothermal Conversion of Biomass

Since hydrothermal energy was adopted as a high potential energy source, biomass
hydrothermal conversion has attracted much interest. There was initially a lot of
focus on selecting the proper solvent and especially on high temperature and pressure
processing materials due to the lack of knowledge on chemical solubility and how
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it affects the process as a whole [99]. It is a fantastic way of converting biomass
with high energy and moisture content into a range of products, such as a solid
(biochar), a liquid (bio-oil), or a gas (hydrogen, methane, etc.) [38]. This procedure
involves heating organic wastes or aqueous biomass slurries at higher pressures and
low to moderate temperatures to produce a high-density energy carrier or liquid
product in the presence of a catalyst [24]. Subcritical and supercritical water is used
as the processing medium whole [99]. The primary processing conditions are high
pressures (4-22 MPa) and temperatures between 250 and 374 °C. Compared to other
thermochemical processes, this technology’s low temperatures, low tar production,
and excellent energy efficiency are the critical reasons for the recent spike in interest
[37] and [98]. Due to their high ash and moisture contents, manures, food wastes,
anaerobic digestate, sewage sludge, aquatic biomass (micro and macroalgae), and
municipal wastes are some examples of acceptable feedstock. The solid content of
the slurries may reach 30% by weight [70].

In the four primary hydrothermal processing steps of carbonization, aqueous
phase reforming (APR), liquefaction, and gasification, water functions as a reac-
tant, solvent, and catalyst [70]. At pressures between 20 and 40 bar and temper-
atures between 180 °C and 250 °C, the mildest type of carbonization, known as
hydrothermal carbonization (HTC), produces hydro-char, a solid with properties
like those of low-rank coal. This process, which is influenced by temperature and
residence time, allows for the reduction of the oxygen and hydrogen contents of the
biomass feedstock through dehydration and decarboxylation processes [100].

Hydrothermal liquefaction (HTL) produces liquid bio-crude at pressures of up to
180 bar and temperatures of between 250 °C and 375 °C, which can subsequently be
enhanced by catalytic hydrotreatment into a variety of distillate petroleum-derived
products.

Hydrothermal gasification (HTG) or supercritical water gasification (SCWGQG)
occurs at pressures larger than 200 bar and temperatures greater than 375 °C to
create syngas, CO,, CHy, and C1-C4 hydrocarbon gases such C;Hy and C3Hg [38].
By-products, including char, tar, and microscopic bio-oil, are produced at low temper-
atures. At temperatures between 220 °C and 250 °C and pressures between 1.5 and
5 MPa, the aqueous phase reforming, a subset of HTG, generates H; syngas, alkanes,
and a variety of biobased chemical products, including fibers and plastic compounds
[99].

These processes utilize wet biomass without any initial dewatering, have high
conversion rates, can collect, store, and sequester carbon, create a wide range of
chemicals and fuels in the gaseous, liquid, or solid phases, and most importantly,
capture, store, and sequester carbon [99]. Hydrothermal biomass processing has
several drawbacks and benefits [37, 38]. Hydrothermal liquefaction (HTL) is a
hydrothermal treatment used to create bio-oil. It is more energy-efficient than thermal
processes (pyrolysis, gasification and combustion). A suitable biomass for pyrolysis
and gasification must have a water content of less than 10%; otherwise, drying must
be performed prior to use [101, 102]. Because HTL has a low oxygen content,
upgrading bio-oil obtained through this process requires less hydrogen [37]. If HTL
is implemented industrially, it is expected to result in a direct and continuous supply
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of biomass wastes for effective valorization [103]. HTL technology implementation
on an industrial scale is prone to operational issues. Corrosion of metallic parts by
water in bio-oil, high operating costs, easy deactivation and sintering of catalyst,
plugging due to solid deposition, corrosion, pumpability of feedstock, and safety
process due to high pressure and temperature. For instance, managing large-scale
separation and extraction operations involves managerial issues, more expensive
and advanced reactors, extensive water handling equipment, etc. The hydrothermal
processing of biomass is based on the critical water point (374 °C and 22.1 MPa),
which determines both the subcritical and supercritical water conditions. Biomass
constituents like cellulose and lignin are insoluble in water at ambient temperature
but soluble in supercritical water (high-temperature water). When biomass is broken
down hydrothermally, the water-soluble component disperses into the water at around
100 °C, and hydrolysis occurs above 150 °C. The solid biomass is transformed into
a slurry at about 200 °C and 1 MPa, and liquefaction takes place at about 300 °C
and 10 MPa, producing oily products. By altering the process variables, such as
temperature, reactor pressure, reaction duration, and catalyst presence, biomass is
converted here into solid (biochar), liquid (bio-oil), and gaseous products [37]. Super-
critical water oxidation removes harmful compounds (pollutants) from biological and
organic waste and power generation cycles. Understanding biomass hydrothermal
processing and the many degradation processes require a thorough knowledge of
water properties under hydrothermal conditions (subcritical and supercritical). At
higher temperatures, water has a low dielectric constant. Non-polar compounds are
therefore insoluble in water at room temperature, but in supercritical conditions, they
are excellent solvents for non-polar substances [37].

6.8.1 Hydrothermal Liquefaction (HTL)

Hydrothermal liquefaction of biomass wastes has been extensively researched as a
source of useful chemicals that could serve as biofuel obtained at moderate tempera-
tures and high pressures sufficient to keep water in the liquid phase [99]. A technology
that has promise for producing high-quality bio-oil from biomass is hydrothermal
liquefaction. This process does not need the energy to dry biomass because it entails
only wet feedstocks/high moisture content directly from the field. This does away
with the necessity for energy-intensive feedstock drying, which is required in ther-
mochemical processes such as torrefaction, combustion, gasification, and pyrolysis
[104]. HTL produces liquid bio-crude with a high calorific value and aqueous,
gaseous, and solid phase by-products in H,O at high pressures (10 x 10% —25 x
10 Pa) at moderate temperatures of around 280-370 °C [38]. This comprises several
intricate reactions that result in products with high energy densities and an improved
heat recovery mechanism. Two main feedstock groups defined the process mecha-
nism. These are the wet feedstocks (algal biomass), which are made up of essential
ingredients such as lipids, proteins, carbohydrates, and algaenans, and the dry feed-
stocks (lignocellulose biomass), which are composed of cellulose, hemicellulose,
and lignin constituents [98].
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Along with bio-crude, a variety of compounds can be obtained by HTL. Monoaro-
matic compounds, fatty acids, alkenes, alkanes, polyaromatic compounds, nitroge-
nous, and other oxygenated chemicals make up most of these, as described in detail
by [98]. HTL concepts are highlighted in this section, including the process prin-
ciples, the elemental make-up of bio-crude, the different types of feedstocks, the
energy efficiency of the process, as well as its future potential.

HTL produces four distinct product phases, which are (i-iv) [104]:

Bio-oil

Light molecular weight gases (CO, and trace amounts of CHy, CO, and H;)
Biochar

Water vapor rich in carbon

Process parameters that affect HTL (i—x):

Temperature (T)

Pressure (P)

Biomass waste composition
Residence time

Heating rate

Water ratio

Catalyst

Particle size

Solvent density and type
Reaction media.

As mentioned in a study, these factors significantly impact bio-oil output [105].
The transformation of crude bio-oil to high-quality liquid biofuel can be achieved via
chemical additives upgrade, catalytic upgrade, and physical process (ultrasonication,
distillation, extraction, solvent addition, or separation. The need for energy to dry
the wet biomass does not arise in this process. Its uniqueness is that it uses water,
making it an eco-friendly method that runs at lower and is slightly energy-efficient
[19]. The products of these processes are characterized by high reduced H,O content,
a lower amount of oxygenated compounds, and higher yields which give it a gross
calorific value comparable to that of pyrolytic/gasification oil but higher compared to
fossil fuels. The drawback is that it requires high pressure, making such equipment
expensive to run large-scale or industrial processing [104].

The reduced content of oxygen and high calorific value of bio-oil obtained from
HTL is mainly due to dehydration and decarboxylation reactions which converted
oxygen to H,O and CO,, respectively [105]. This process can reduce biomass oxygen
from 40 wt.% to about 10 wt.% [99]. According to [104], bio-oil yield can also
be enhanced via temperature increase before bio-oil cracking and repolymerization
reactions leading to a reverse trend. And also, bio-oil products can be improved
by adding residence time in the 5-30 min range. However, if the reaction time is
prolonged, lighter gases and char are produced in the cracking and polymerization
reactions, which reduce the bio-oil yield. There are documented techniques for bio-oil
components separation and extraction, chemical composition using CHNS elemental
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analyzer, nuclear magnetic resonance (NMR) spectroscopy, and high-performance
liquid chromatography (HPLC) [37].

The HTL process primarily transforms biomass into bio-oil, a fuel that can replace
fossil fuels. However, this procedure faces difficulties under intense pressure, leading
to severe economic problems. Organic fertilizer for agriculture, CO,, and nutrients
used to grow and photosynthesize algae in culture. Wastewater that can be recycled to
require less processed water is all by-products from the HTL of algal biomass. This
process is hugely energy-efficient since it creates between 85 and 90% of the energy it
needs and only consumes 10% to 15% of the energy from the feedstock. Additionally,
with minor upgrading, the resulting bio-crude may be used economically because
it is similar to its petroleum equivalents [98]. If employed appropriately, all the
by-products mentioned above could aid HTL in resolving its financial problems.
Additional study to improve the mechanisms and parameters of the process is still
needed to overcome the disadvantages of HTL and successfully commercialize the
procedure.

Water is kept in the liquid phase throughout the operation by operating at or above
its saturation point, which significantly reduces the enthalpy change caused by the
latent heat of vaporization of water [70]. There has been a lot of interest in compressed
hot water as a green reaction medium in recent years. It is currently widely used in a
variety of fields, including waste treatment, inorganic and organic material synthesis,
polymer recycling, biomass energy recovery, waste resource recovery, and others
[99]. Subcritical processes are those that occur below the critical point of water.
During the supercritical process, which occurs above the critical water point (274 °C
and 22.1 MPa), the properties of water are in the liquid and gas phases. Water can
act as a catalyst, a solvent, or a reactant at times. When the dielectric constant of
insoluble organic compounds decreases, they become more soluble. Furthermore,
because of the high diffusion coefficient, reaction rates increased as water viscosity
decreased [104].

In recent years, considerable effort has been made toward using biomass and its
derivatives to produce liquid fuels. This study area covers pyrolysis, gasification of
biomass, HTL of lignocellulose, and strategies for upgrading bio-crude. The petro-
chemical sector has excellent hopes and goals for synthesizing fuels, fine chemicals,
and raw materials because of the choice of biomass.

The HTL has recently received a lot of attention as one of the promising approaches
for dry and wet biomass [98], as well as for converting biomass into fuels and chemi-
cals. Currently, various pyrolysis and gasification techniques are used to produce fuels
(biofuels) and chemicals, primarily from dry biomass feedstocks (dry wood). Despite
the enormous potential of wet biomass feedstocks, as demonstrated by documenta-
tion [98], little interest or effort has been put into developing the HTL method for wet
biomass valorization. Because of their high photosynthetic efficiency, rapid develop-
ment, high biomass production, and lack of reliance on arable land, microalgae are
recognized as a superior fuel and chemical source through wet biomass processing. To
improve the performance, prospects, and applicability of this technology, particularly
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for wet biomass, as well as to ensure HTL’s financial viability, the best process feed-
stocks and operational conditions must be selected, as well as the current parameters
and process mechanisms optimized (Figs. 6a and 6b).

6.9 Dry Biomass HTL

The complex routes shown in Fig. 4 are used to produce bio-crude in a continuous or
batch reactor. The feedstock is pretreated to reduce particle size, remove impurities,
and create a stable slurry that can be easily pumped. After the HTL process, which
takes about 15 min at 350 °C and 150 bar pressure, a gaseous mixture of CO,, bio-
crude, solid trash, and traces of the aqueous phase (water) is formed as a result of
phase separation. The HTL unit can use this gaseous mixture again to produce more
bio-oil or use less process water. The other water stream is subjected to anaerobic
or catalytic hydrothermal gasification, which produces hydrogen- or methane-rich
syngas. The presence of phenols and furfurals, on the other hand, limits the anaerobic
treatment process.

Because it contains less moisture and oxygen, the resulting bio-crude can be
used directly or upgraded for commercial use through additional hydrotreatment.
This technique uses relatively little energy because the hydrothermal gasifier can be
operated effectively and efficiently with the overall heat generated [98].

6.10 HTL for Wet Biomass

Because it does not require pretreatment and has an HTL that is quite close to
that of dry biomass, wet/algae biomass has a significant potential for nutrient recy-
cling. Figure 5 provides a schematic representation of wet biomass hydrothermal
processing.

In this process, the algae biomass feed from an algal culture is first dewatered to
create a feed slurry with about 20% solids, which is then pumped into the HTL unit
to create bio-crude and is then further hydrotreated to produce refined hydrocarbon
fuels. The process is made more economically and sustainably feasible by the aqueous
phase’s production of CO2 and nutrients that are then used to cultivate algae [98].

6.11 Mechanism of HTL

A dehydrogenation process, a dehydration process, a decarboxylation process, and a
deoxygenation process are all methods of breaking down the components of biomass
feedstock into smaller molecules after hydrolysis has broken down the biomass feed-
stock into smaller pieces after the hydrolysis process has broken down the biomass
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feedstock into smaller molecules. Aldehydes, phenols, acids, ketones, alcohols, and
esters are a few complex chemicals that can be made by repolymerizing lighter
molecules [98]. HTL begins with the solvolysis of the biomass in micellar forms,
followed by the disintegration of the biomass’s primary polymeric components
(cellulose, hemicellulose, and lignin), and is finally completed by the thermal depoly-
merization of those components into smaller fractions [38]. The precise mechanism
of HTL is currently unknown. Depolymerization is a step in the process; decomposi-
tion and recombination reactions come before it. To create simpler monomers, such
as glucose and other products like acetic acid, furfural, and aldehyde compounds,
the biomass must first be broken down and depolymerized into highly reactive
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lighter molecules (water-soluble oligomers) [38]. This repolymerization results in
the production of bio-crude, gas, and solids.

The complexity of the biomass affects the mechanism and reaction chemistry
as well as essential process factors such as residence time, temperature, process
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breakdown, Condensation, and polymerization of the constituents [98]. Tempera-
ture, pressure, particle size, and resection durations affect how much bio-oil may be
produced using HTL [38].

The polymeric components of biomass are successively dissolved during biomass
depolymerization, thanks to their physicochemical properties. The process temper-
ature and pressure change the long-chain structure of the polymer, and the pres-
ence of water recycles the energy content of the organic components [98]. The
biomass monomers are disassembled by cleavage, deamination, decarboxylation,
and dehydration. Dehydration results in the loss of water molecules, decarboxyla-
tion results in the loss of carbon dioxide, and deamination results in the removal
of the amino acid content. The polymers are hydrolyzed into polar monomers and
oligomers by removing oxygen from biomass through the decarboxylation and dehy-
dration processes as CO, and H,O, respectively. When applied under high heat and
pressure, water causes the hydrogen-bonded cellulose structure to split into glucose
monomers. Compared to glucose, fructose is subject to greater isomerization, hydrol-
ysis, reverse-aldol breakdown, dehydration, recombination, and rearrangement reac-
tions. These reactions result in various products, such as furfural, polar organic
molecules, phenols, organic acids, and glycolaldehyde, which are highly water-
soluble [98]. The breakdown and deoxygenation reactions, among others, are the
main processes that lead to the bio-crude, which is made of acids, aldehydes, and
aromatics [105].

The repolymerization and recombination step result from the system’s absence
of hydrogen compounds. Free radicals, which are reactive by-products of earlier
processes, have a propensity to repolymerize or recombine to generate heavier char
molecules, which are notorious for producing coke when they are present in signif-
icant quantities [106, 107]. However, if there is sufficient hydrogen in the organic
mixture during the liquefaction process, stable weight species will be produced by
capping the free radicals with hydrogen molecules [98].
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6.12 Catalytic Hydrothermal Liquefaction

Homogeneous and heterogeneous catalysts boost bio-oil production, lower biochar
production, and raise conversion efficiency. Homogeneous catalysts (alkali salts,
with the K salts being more active than the Na salts) such as KHCO3, KOH, K,COs3,
and NaOH, enable water—gas shift reactions by facilitating ester formation via decar-
boxylation reaction between biomass hydroxyl groups and the formate ions in the
alkali carbonates, followed by dehydration, deoxygenation, decarboxylation, and
dehydration of micellar-like fragments Condensation, polymerization, and cycliza-
tion processes are then used in a cycle to create the final products. This group of
catalysts favored inhibiting the formation of unstable and unsaturated molecules
during dehydration processes (with high pH), enhancing the yield and properties of
bio-crude, and minimizing solid yields [108—110].

The disadvantage of this method is that the catalyst recovery process costs a lot
of money, uses a lot of energy, and requires a lot of capital [38].

Although heterogeneous catalysts are most typically used in HTG, incorporating
a catalyst into the HTL process has been done in a select few instances to improve the
quality of the bio-crude produced from lignocellulose biomass. Magnesium oxide,
nickel oxide, manganese oxide, zinc oxide, cerium oxide, lauryl oxide, and other
catalysts have been used [38]. The scarcity of Pt, Ni, and Pd stimulates the use of
the above-mentioned heterogeneous catalyst.

Using CsOH and RbOH (very potent bases), the first catalytic hydrothermal lique-
faction of wood biomass was conducted [37]. It was discovered that these potent
bases, like other base catalysts, considerably boost oil yields by inhibiting char
formation and creating mainly phenolic and benzenediol derivatives.

7 The Biochemical Transformation of Biomass

The biochemical conversion of biomass refers to the gradual and continuous release
of biofuel from biomass waste through the activity of microorganisms and enzymes.
Lignocellulosic biomass, which can produce chemicals, fuels, and other materials
with energy value, is being adopted progressively as a renewable and alternative
energy source to fossil fuels. Lignocellulose, which contains cellulose and hemi-
cellulose, is primarily composed of sugars. Due to the difficulty in accessing this
biomass polysaccharides content and the stiff and compacted assembly of plant cell
walls, the synthesis of fermentable sugars has become constrained. Thus, using ther-
mochemical pretreatment and an acid catalyst to overcome these challenging barriers,
plant cell walls are frequently physically or chemically broken. After pretreatment,
enzymatic hydrolysis is the preferred approach for creating sugars that microbial
biocatalysts can later ferment to yield liquid fuels (such as C,HsOH). The release
of inhibitory compounds, such as furfural, 5-hydroxymethyl furfural, CsHsOH, and
aliphatic acids, is increased when biomass is pretreated with acid. These chemicals
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have a considerable effect on both enzymatic hydrolysis and microbial fermenta-
tion. When Avicel cellulose and acid-treated spruce wood hydrolysate were mixed,
the efficiency of enzymatic hydrolysis was discovered to be 63% lower than when
Avicel was hydrolyzed in aqueous citrate buffer. The acid hydrolysates could seldom
ever be fermented, either. As a result, the problems that come with lignocellulose
conversion can be avoided by using less resistant feedstocks or by developing effi-
cient pretreatment techniques that simultaneously yield high sugar yields and don’t
produce inhibitory by-products.

7.1 Technologies for Biochemical Conversion

The techniques for biochemical conversion include: anaerobic digestion (also known
as biomethanation); ethanol fermentation. The recycling of waste such as poultry
waste is usually done via anaerobic digestion. Anaerobic digestion can be done
industrially. It is a fermentation process that converts organic waste into biogas,
mainly composed of CHy (about 60%) and CO, (about 40%), comparable to landfill
gas.

Anaerobic means a biological process taking in the absence of oxygen in which
bacteria act as a catalyst in breaking down organic matter into biodegradable forms to
produce biogas rich in CHy and CO, with some trace amounts of H,S. This process
takes place naturally.

In this method, biomass is fermented anaerobically without oxygen to produce
biogas (also known as gobar gas) from cow dung, human waste, and other organic
waste with high moisture content. Two distinct metabolic bacterial species carry out
two degrees of fermentation.

The organic material undergoes the first hydrolysis to produce fatty acids, alco-
hols, sugars, H, and CO;. Bacteria that produce methane transform the result of
the first stage into CH4 and CO, between 30 and 55 °C. The residual sludge is
transformed into enriched fertilizer in a digester, a sealed tank used for fermentation
(Fig. 7).

An anaerobic digestion facility can produce biogas and digestate, which can be
processed further or utilized to make secondary goods. In addition to being a fuel for
electricity and heat production, biogas can also be used for transportation. Biogas
can also be enhanced and applied to gas distribution systems. The characteristics of
anaerobic digestion were given in Table 8.

Digestate may be further processed to produce alcohol and a fibrous substance.
Fiber, a bulky substance with little nutritional value that may be composted can be
employed as a soil improver or alow-level fertilizer. The liquor preserves a significant
portion of the nutrients and can be used as liquid fertilizer.

(i1) Ethanol fermentation.

Ethanol can be produced by dissolving sugar-containing biomass into sugar
molecules like glucose (CgH,0¢) and sucrose (C;2H»,011), such as sugarcane, and
sweet cassava sorghum, beet, potato, corn, and grapes.
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Table 8 Characteristics of

L . Characteristics Anaerobic
anaerobic digestion

Reaction in Anaerobic digestion | CeH120¢ — CO2+3CH4

Energy produced in KJ/mol. -393
glucose
C balance 95% — CO» + CHy

( = biogas)5%— biomass

Energy balance 90% retained in CHy
5% — biomass
5% — heatgenerated

Biomass production Slow growth of biomass

The biological fermentation of ethanol involves turning sugar into ethanol and
CO,; as part of the process.

Nowadays, gasoline is blended with ethanol, which serves as the primary alcohol
fuel.

7.2 Biogas

“Biogas” refers to any gas produced when organic material decomposes anaerobi-
cally. It falls under the category of renewable energy. It may be produced using locally
available raw materials such as recyclable rubbish and is environmentally friendly.
Manure, sewage, municipal trash, green waste, and crops that have undergone
anaerobic fermentation are among the sources of biogas.

A fuel gas called biogas has a CHy4 content of 65% and a CO, content of 35%. It
is a renewable energy source made from biomass. Biogas is categorized based on its
chemical composition and resulting physical characteristics. Nevertheless, “biogas”
refers to various gases created from specific treatment processes, starting with various
organic wastes from multiple enterprises, animal or domestic waste, etc.

7.3 Power Generation Based on Biogas

There are three methods for doing this (i—iii):

Landfill
Direct method
Gasification.

1. Direct action.
For years, wood, by-products, and other solids were the only commercially
feasible choices for producing electricity. The technique involves burning biomass
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directly in a boiler connected to a steam turbine, which produces steam from the hot
gases through a heat exchanger and generates electricity from the steam through a
steam turbine (Fig. 8).

Burning fuel in the boiler produces steam, which powers a turbine or generator
to produce electricity. The steam is then condensed into liquid in the condenser by
cooling water circulating the tubes. The condensed water can be heated once more
to create steam by being returned to the boiler.

Heat and power combined.

Combining heat and power (CHP), also known as cogeneration or distributed
generation, generates heat and electricity simultaneously from a single fuel source,
frequently natural gas.

Biogas cogeneration.

Renewable raw materials and the production of biogas anaerobic fermentation of
organic material in a fermenter yields biogas. Between 45 and 70% of this gas is made
of CHy. After burning, almost the same amount of CO; the substrates absorbed during
growth is released. Cogeneration plants reduce the emissions that would otherwise
be produced when burning fossil fuels by converting biogas into electricity.

An electric generator, a gas turbine, steam turbine, or combustion engine is a
typical component of CHP systems. In addition to the electric generator, a waste
heat exchanger is built. This device uses the heat or exhaust gas recovered from the
generator to produce steam or hot water.

ii. Gasification as a Process.

The steps taken in gasification facilities are depicted in the image below. To ensure
that the provided solid biomass fuel has the appropriate fuel parameters (particle size,
water content), it must be modified (fuel conditioning and handling). The gasification
process uses the cleaned fuel to create raw product gas. The gas quality of the raw
material is required for further use. The washed product gas is employed in various
procedures to produce fuel, heat, and power.

iii. Landfill.

Landfill gas is primarily CH4 and CO,, with trace amounts of N;, O,, H,S, and
non-methane organic molecules in anaerobic circumstances (NMOCs). The amount
of organic waste and moisture in a landfill is linearly related to the volume of landfill
gas produced by bacterial decomposition. Gas can be extracted from landfills by
drilling vertical wells into the trash connected by underground pipelines and “cap-
ping” a portion of the dump with clay. The gas is collected by vacuum compressors
and then transported to a blower/flare station, where it is either fed to the electricity-
generating plant or flared. Methane is converted into the less dangerous gas carbon
dioxide during combustion. Even if stopping the process now reduces methane gas
emissions, it does not utilize the heat energy generated during the conversion. After
being gathered, the gas will be piped to a power plant, which will be burned to power
engine generator sets.

Burning fuel in the boiler produces steam, which powers a turbine or gener-
ator to produce electricity. The steam is then condensed back into liquid form in



Sustainable Energy via Thermochemical and Biochemical Conversion ... 301

the condenser by cooling water being circulated around the condenser tubes. The
condensed water can be heated once more to create steam by being returned to the
boiler.
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