
Biofuel Recovery from Plantain and Banana Plant Wastes: Integration of
Biochemical and Thermochemical Approach

Abdulmoseen Segun Giwa1,*, Mingqiang Sheng2, Ndungutse JeanMaurice3, Xinxin Liu1, ZelongWang1,
Fengmin Chang4, Bo Huang4 and Kaijun Wang4

1School of Environment and Civil Engineering, Nanchang Institute of Science and Technology, Nanchang, 330108, China
2School of Infrastructure Engineering, Nanchang University, Nanchang, 330031, China
3Institute of Environmental Science, Shanxi University, Taiyuan, 030006, China
4State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing,
100084, China

*Corresponding Author: Abdulmoseen Segun Giwa. Email: giwaabdulmoseensegun@ncpu.edu.cn

Received: 30 August 2022 Accepted: 20 October 2022

ABSTRACT

Globally, fossil fuel dependence has created several environmental challenges and climate change. Hence, creating
other alternative renewable and ecologically friendly bio-energy sources is necessary. Lignocellulosic biomass has
gained significant attention recently as a renewable material for biofuel production. The large amounts of plantain
and banana plant parts wasted after harvesting, as well as the peels generated daily by the fruit market and indus-
tries, demonstrate the potential of bioenergy resources. This review briefly assesses plantain and banana plant bio-
mass (PBB) generated in the developing, developed, and underdeveloped countries, the consumable parts, and
feasible products yield. It emphasized the advantages and disadvantages of the commonly adopted treatment tech-
nologies of composting, incineration, and landfilling. Further, the utilization of PBB as catalysts in biodiesel synth-
esis was briefly highlighted. To optimize recovery of biofuel, different integration routes of pyrolysis, anaerobic
digestion, fermentation, hydrothermal carbonization, hydrothermal liquefaction, and hydrothermal gasification
for the valorization of the PBB were proposed. The complex compounds present in the PBB (hemicellulose, cel-
lulose, and lignin) can be converted into valuable bio-products such as methane gas and bio-ethanol for bio-
energy, and nutrients to promote bioactive ingredients. The investigation of the viability and innovation potential
of the integrated routes’ technology is necessary to improve the circular bio-economy and the recovery of biofuels
from biomass waste, particularly PBB.
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1 Introduction

All around the world, bio-energy has been a crucial life material, and its utilization has been growing
gradually with industrial development and an increase in population. By 2030, it is anticipated that
energy consumption will increase from 60% to 75%, with an accompanying increase in greenhouse gas
(GHG) emissions, mostly from the burning of untreated biomass and carbon dioxide (CO2) emissions [1].
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Centuries ago, fossil fuels were the primary source of energy. Unfortunately, the production is primarily via
conventional crude materials, which will be exhausted and insufficient for the world’s energy demand in the
immediate future. The usage of fossil fuels can play a significant role in air pollution and global warming due
to burning, thus emitting a high amount of CO2 into the atmosphere, resulting in GHG and global warming
[2]. Therefore, the production of biofuels, particularly bioethanol, has gained much attention due to its
advantages in renewability, eco-friendliness, and local production.

Ecological and inexhaustible alternative energy resources have to be exploited for environmental
pollution mitigation and to address other natural challenges. Currently, bioethanol production from
sustainable feedstock such as lignocellulosic biomass (LCB), sugar, and starch materials is among those
substitutes receiving attention. The dominant environmental contaminants and the high energy
consumption were observed via the transportation field. The transport sector’s energy demand is expected
to account for roughly 61% of global total oil consumption in 2040 [3], accounting for 1/5 of the CO2

emissions [4]. Bioethanol is considered a crucial bio-renewable energy resource to mitigate the
environment’s fossil fuel dependence. Unlike nonrenewable energy sources such as fossil fuels,
bioethanol can be produced through the fermentation process of sugar under specific conditions.
Bioethanol production from different renewable biomass is highly profitable for the ecosystem.
Furthermore, bioethanol within the near future will substitute gasoline, as it does not require any peculiar
modification, demonstrating its direct utilization with the existing vehicle engines. Bioethanol has green
properties as the combustion releases CO2, similar to the one used by plants to grow via the
photosynthesis process. Therefore, bioethanol utilization does not contribute to GHGs [5].

The utilization of waste materials from plantain and banana plant biomass (PBB) leads to the
development of an energy source that is renewable, suitable, and environmentally friendly. According to
the Alzate Acevedo et al. [6] report, almost 60% of the biomass produced by bananas is wasted after
harvest, and the banana waste loss amounts to roughly 114.08 million metric tons worldwide. Guerrero
et al. [7] showed that about 18%–20% of produced banana peels are discharged as waste annually, which
constitutes environmental degradation. The improper valorization and management of PBB would create
global warming via GHG emissions. Further research revealed that removing them from the forest is
preferable since allowing these items to naturally degrade can release not just CO2 but also methane
(CH4) [8]. PBB is supersaturated with high industrial raw materials (starch, cellulose, hemicellulose, and
abundant fibers). The raw materials in the PBB are modifiable into valuable materials with several
techniques such as pyrolysis, anaerobic digestion (AD), and fermentation processes.

Numerous studies have reported improving bioethanol production from different kinds of biomass, such
as hydrolysate of oil palm empty fruit [9], molasses [10], cassava peels [11], and cotton stalk lignocellulosic
[12]. In China, plantain and banana (PAB) agronomy is mainly grown in Guangdong province, plus other
provinces like Guangxi, Hainan, Fujian, and Yunnan Province. Globally, in 2020, 119 million tonnes of
bananas were produced, and 11.9 million tons were from China [13]. Green PAB is a starch super-
abundant material, where on a dry basis the amount of starch in plantain and peels is roughly 70% to
80% and 50%, respectively. Moreover, it can be extracted for various applications, for instance,
biopolymers, textiles, paper, pharmaceuticals, waste water treatment, and be commercialized directly [14].
Plantains from different species have a specific amount of starch. Due to the ripening process, starch
starts to break down into sugar, whereas a ripe banana contains 70% more glucose and fructose than fully
ripe bananas. Kabenge et al. [15] reported that the LCB constituents in banana peel waste are
hemicellulose (41.38%), cellulose (9.90%), and lignin (8.90%), while the higher and lower heating values
were 16.15 and 14.80 MJ/kg. Hemicellulose and cellulose concentration proportions in banana agriculture
waste vary by 24% and 57%, respectively. Cellulose, an active material, is applied mainly as organic
matter in excipient production. As cellulose is a glucose monomer, it can be hydrolyzed into simple sugar
to produce bioethanol by a fermentation process [16].
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Many studies have been treating PBB through individual processes for harnessing bioenergy. However,
to the best of our knowledge, only a few studies have been conducted to integrate different technological
techniques to enhance nutrient recovery and bio-fuel yields. This review aims to propose the adaptation
of existing treatment techniques and the integration of waste-to-energy technologies. The proposed
technologies are fermentation, pyrolysis, AD, hydrothermal carbonization (HTC), hydrothermal
liquefaction (HTL), and hydrothermal gasification (HTG) to avert PBB waste valorization challenges and
associated environmental pollution for biofuel production. This paper will further evaluate the different
treatment conditions of PBB and their correlated merits and disadvantages for developing enhanced
biofuel production and bioactive ingredient recovery under distinct integration methods.

2 Assessment of Plantain and Banana Plant Wastes

PABs are very popular fruits all over the world. In 2018, 116 million tons of bananas and 40 million tons
of plantains were harvested [17], while in 2020, it was reported that 119 50 million tons of bananas were
produced globally [13]. Bananas are one of the most traded fruits in the world, with nearly 23 million
tons (excluding plantains) exported in 2017, accounting for nearly 20% of global production. Precise
figures on total global banana production are difficult to obtain because banana cultivation is often
conducted by smallholder farmers and traded in an untraceable informal sector [18]. Local bananas, for
example, account for 70%–80% of African production and have been around for over a thousand years.
The majority of these are cooked bananas, which are a popular and important staple food. Only 15% of
the total production is exported, and most of the production is ingested in India, China, Indonesia, etc.,
plus other African countries with high PAB production [19]. The Cavendish banana is the most traded,
accounting for approximately 47% of global production. Around the world, approximately 11.3 million
hectares are dedicated to PAB, with over 1000 varieties produced and consumed locally. Figs. 1a and 1b
show the prevalence of PAB in high-productivity countries. The total amount of bananas exported from
Asia in 2019 was 5.1 million tons, an increase of 42% from the 3.5 million tons exported in 2018 [6].

In recent decades, the world population has increased by up to 7 billion people, resulting in
approximately 683 million tons of agri-food waste, 34% of which is related to food waste loss
worldwide, including PBB [21,22]. PBB is made up of the following components: rotten/damaged fruits,
peels, fruit-bunch-stem (stalks), leaves, fibers, pseudo-stem, and rhizome. These PBB fractions are
produced by both PAB production and fruit processing. The former generates off-cuts such as pseudo-
stems, leaves, fibers, and rhizomes that remain in the garden after harvesting PAB bunches, whereas the

Figure 1: (A) and (B) World plantain production in 2016 and world banana production in 2019; redrawn
from [20] and [6]
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latter produces residues such as peels, fruit-bunch-stems (stalks), and rotten/damaged fruits [23]. Bananas
contain 60% pulp and 40% peel, yielding 7.25 kg of peel from an 18.14 kg banana box [22]. The shell,
on the other hand, contains carbon-rich organic compounds like cellulose (7.6%–9.6%), hemicel-lulose
(6.4%–9.4%), pectin (10%–21%), lignin (6%–12%), chlorophyll pigments, and a few other low molecular
weight compounds [22]. Suppose PAB and PBB are not adequately treated and are left in the field to
decay. In that case, they emit an unpleasant odor due to natural decomposition and produce gases that
contribute to GHG emissions and bioenergy loss [24].

Proper management and full-scale treatment for nutrients, biofuels, and industrial raw material recovery
are thus required for PBB. PBB is considered a highly biodegradable biomass. In some underdeveloped,
developing, and developed countries, unripened bulk quantities of PBB are discharged in landfills after
harvesting. Around 40% of plantain produced is not commercialized, while after harvesting,
approximately 60% of the PBB is left in the area for a long time and it decomposes [25]. Through eco-
friendly bio-waste recovery and animal feed, plantains can produce bioethanol and other important
industrial organic matters [26]. In addition, PAB crops are liable to be commercialized to develop a
standard of living for the country’s rural society. PAB’s widespread consumption is a result of their
appealing texture, flavor, and sensory qualities. It is also a great source of dietary fiber, vitamin C,
vitamin B6, and manganese. It also has a high calorie count with little fat. The principal antioxidants that
have health advantages are the phenols found in banana fruit. Bananas contain a number of phenolic
compounds, including gallic acid, catechin, epicatechin, tannins, and anthocyanins [6].

2.1 Developed Countries
About 135 tropical countries worldwide grow PAB, and it comes second in high-produced fruits, also

included as the fourth-most crucial food after rice, corn, and wheat [27]. Additionally, in highly developed
countries, bananas are widely valued as a food of convenience because they are affordable, transportable, and
generally healthy. Asia and the American continent’s overall banana production peaks at 63 million tons and
29 million tons annually, respectively, while in the USA, about 12.247 kg of PAB is consumed per capita
[28]. As previously mentioned, many PBBs are produced independently from country to country based
on a variety of criteria, including the fact that several PAB plants exposed to the environment decompose
after being harvested. Wasteful PBBs have enough renewable biomass potential for biofuel and nutrient
recovery using thermochemical and biochemical methods [29,30].

When PABs are grown and harvested, a large amount of waste (including leaves, pseudo-stems,
rhizomes, and peel, among other things) is collected along with the entire fruit at the storage stage to
generate PBB, which does not meet the requirements for sale [31], though the PBB can reflect massive
bioenergy potential for the future. Furthermore, PBB can be transformed and used in a variety of
activities, including biofertilizers, textiles, polymer synthesis, waste water treatment, and others [32]. On
the other hand, biomass energy waste and environmental pollution are still challenging due to inadequate
treatment techniques, especially in highly biomass-developed producer countries. Furthermore, simulation
techniques for treating PBB have been implemented in developed nations, but the energy and nutrient
recovery is still limited based on the single treatment approach.

2.2 Developing and Underdeveloped Countries
PAB is a highly essential and staple crop in developing and under-developed countries. It assures food

stability with high production and raises earnings for those small and local agriculturalists who are
considered the biggest producers. In most poor societies with food challenges, plantain tubers, roots, and
banana fruits are considered the leading diet sources as food for over 3 billion people in developing and
under-developing countries, with a commercial value of US $339 billion [33]. Unlike developed
countries, these nations possess severe problems such as water pollution, land, and air adulteration, and
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loss of bioenergy resources correlated with mismanagement of biomass waste. In West Africa, developing
countries are suitable for growing PABs, with around 32% of global plantain production [34]. Much PAB
is consumed locally in most underdeveloped and developing countries, leading to the most significant
challenge on the industrial scale that uses this biomass as a raw material.

On the other hand, the PBB waste energy content can be converted into other forms of energy products,
for instance, bio-CH4, bio-oil, biochar, syngas, and other crucial organic substances. Several studies have
found PBB and its plants to be an excellent raw material source for biofuel production. Specifically,
bioethanol from PBB [35] and biochar production by co-pyrolysis with other PBB for heavy metal
extraction from waste water [29] or other valuable industrial processing products. Modern agriculture
processing of biomass produces vast amounts of waste, and the quality of essential constituents like
hemicellulose, starch, cellulose, simple sugar, and lignin is compromised if not properly managed [36].
LCB is the best feed for bioethanol, electricity, or syngas production via pyrolysis or gasification
processes for commercialization and industrial purposes. The widely adopted techniques that convert
LCB to bioenergy are thermochemical, biochemical, chemical, and biological processes [37]. These
techniques can serve similar purposes in the valorization of PBB for bio-energy products and other
resource recovery.

3 Utilization of Plantain and Banana Biomass as Catalysts in Biodiesel Synthesis

Because of the tremendous industrialization and population growth in today’s globe, the global demand
for energy is rising drastically. Fossil fuels account for the majority of the world’s energy needs, but, because
of excessive fuel consumption, they will run out by 2050 [38,39]. Global warming is being caused by an
increase in the emissions of GHG from the use of non-renewable fossil fuels. Renewable fuels like
bioethanol and biodiesel have therefore come to be thought of as viable fuels that could replace
traditional energy sources in order to keep up with ongoing innovations and rising energy demands [40].
Being biodegradable, non-toxic, renewable, and carbon-neutral makes biodiesel an environmentally
benign fuel, which has garnered it increased attention on a global scale. Biodiesel is often produced using
waste oils, microalgae, animal fats, and vegetable oils. In the presence of an acid or alkali catalyst, the
triglycerides from vegetable oils or animal fats react with alcohol, often of shorter chains, to generate
fatty acid alkyl esters such as methanol, ethanol, propanol, and butanol [41]. The term
“transesterification” has been used to describe this process. Fatty acid methyl esters (FAME) produced
have molecular characteristics similar to paraffinic petroleum molecules. It is utilized as biodiesel in
diesel engines without modifying them.

There are some difficulties with using homogenous alkali or acid catalysts. These include excessive
reactant use, soap creation, environmental contamination, and separation challenges that could raise the cost
of producing biodiesel [38,41]. Numerous issues with homogeneous catalysts have been addressed by the
use of heterogeneous solid catalysts (HSC). Due to its reusability, recoverability, eco-friendliness, non-
corrosiveness, and lack of soap production, the development of HSC from waste biomass has attracted
attention recently [42]. Fig. 2 depicts biodiesel production using HSC derived from processing PBB.

The effects of the waste’s negative environmental effects can be reduced by synthesizing HSC and using
it as a catalyst in biodiesel synthesis. Biowaste-derived catalysts have been highlighted in previous papers as
a potential source for catalysts to be employed in the transesterification process. Banana peel, banana trunk,
and banana peduncle catalysts have already been investigated in the creation of biodiesel [43]. Odude et al.
[41] reported the synthesis of HSC from fruit peels, mature bananas, unripe plantains, rubber seed wastes,
sugarcane bagasse, banana trunks, cocoa pod husks, flamboyant pods, and biochar-based materials. HSC
was developed and characterized using banana fruit peels and was subsequently applied to biodiesel
synthesis using Napoleon plume oil and neem oil, respectively. It was claimed that by utilizing a catalyst
consisting of 2.75 wt% of the ash from banana fruit peels, a methanol/oil molar ratio of 7.6:1, a reaction
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period of 69.02 min, and a reaction temperature of 65°C, the maximum biodiesel output (98.5 ± 0.18 wt%)
from Napoleon plume’s oil could be achieved [44]. Plantain stem ash was studied by Sarma et al. [45] as an
HSC for the production of biodiesel from Jatropha curcas oil. In the experiment, the dried underground
plantain stem was burned to make the catalyst, which was then made by treating the ash in a muffle
furnace at 550�C for two hours. SiO2 (36%), K2O (25%), CaO (10%), MgO (10%), P2O5 (4%), and
Al2O3 (4%) were identified as the catalyst’s primary constituents by XRF analysis. According to reports,
the catalyst has a surface area of 39 m2/g, and TEM scans confirmed its nanosize (less than 100 nm).
Using a high pressure (4.2 MPa) and high temperature (275oC) reactor, the transesterification of Jatropha
curcas oil produced biodiesel with a yield of 98% in one hour. The catalyst in this study was also found
to be reusable up to three times. The usage of the catalyst for the third time resulted in a 20% reduction
in efficiency, which may have been caused by potassium leaching from the catalyst.

Several studies on PBB-derived HSC in biodiesel production were conducted and reported. Seed oil
samples were transesterified to the corresponding FAMEs using a catalyst derived from Musa balbisiana
Colla (a variety of banana plant) at an ambient temperature of 30oC–35oC in less than 4 h with yields of
90–96 wt% [46]. In order to produce biodiesel from used cooking oil, Gohain et al. [47] examined the
activity of a plantain peel ash catalyst. The plantain peels were first thoroughly cleansed with water, dried
in a hot oven at 80oC for 48 h, and then burned. The ash that resulted from this process was further
calcined at 700oC for 4 h and utilized as the solid catalyst in the experiment. By analyzing the catalyst
using XRD, it was possible to confirm the existence of K and Ca as carbonates, oxides, silicates, and
sulfides. It was discovered in the investigation that the calcined catalyst had 41.37% of K, 36.08% of Ca,
12.02% of Mg, and 10.41% of Na, along with a trace amount of Zn. The components present in the
catalyst were also analyzed further by EDAX. The catalyst’s BET surface area was estimated to be
10.176 m2 g−1. Under ideal conditions, the transesterification of used cooking oil demonstrated a
conversion of 100% biodiesel in 3 h with a catalyst load of 2% and a methanol to oil ratio of 6:1 at
60oC. The efficacy of the catalyst in the repeated reaction cycles was observed to have diminished due to
K and Ca leaching in the examination of recycling and the reusability of the catalyst made from plantain
peels up to five times. In comparison to commercial catalysts and other catalysts made from renewable
biomasses like egg shells, fish scales, and bones, the HSC made from agricultural waste, including PBB,
are highly active for catalyzing the transesterification of oil to biodiesel with a shorter reaction time and
higher conversion up to 100% [38].

Figure 2: Depicting utilization of PBB as a catalyst in biodiesel synthesis
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4 Conventional Plantain and Banana Plant Wastes Treatment Techniques

4.1 General Treatment Overview
Most countries worldwide use the peels, leaves, and plants from PAB crops for animal feeding.

Numerous studies show that this fruit is well grown in tropical countries, which leads to a high
generation of peels in those nations where PABs are consumed as staple foods [48]. Moreover, PBBs are
generated as waste in rural and urban areas in both exporting and importing countries. As previously
highlighted, in developing countries such as South America, Southeast Asia, and Africa, these fruits are
essential dairy food for over 400 million people [18]. Most PAB importers are the USA, China, Japan,
Germany, and the Netherlands, while exporters are Ecuador, the Philippines, Costa Rica, Guatemala, and
Columbia. Typically, 40% of the fruits are from peels, with approximately 200 tonnes produced daily.
PAB utilization will increase due to the industrial revolution for those who use PAB as a source of raw
materials [49]. About 18%–20% of produced banana peels are discharged as waste annually, which
constitutes environmental degradation [7].

PBBs are generated as kitchen waste material, which is taken as food for animals. This occurs widely in
tropical nations. Many people provide fruits, plants, and peels to their cattle in developing countries due to
the availability and low cost of these feed sources. For instance, the high demand and fabrication of unripe
plantain chips in Nigeria also contribute to the tonnes of plantain peels produced, which can also be taken as
animal feed [50]. Numerous studies have reported advanced fruit peel and plant applications for livestock
feed optimization [51]. Because PBB contains a significant amount of organic material and water, it
cannot be disposed of in a landfill under existing law [31]. PBB’s high moisture content makes it
challenging to valorize using pyrolysis and incineration techniques. In this regard, the valorization of
PBB into bioethanol using biorefinery technology appears as a possibility for this kind of industry’s
energy integration. In general, the technologies (HTC and HTL) used for PBB valorization are effective,
functionally equivalent, and appropriate for long-term resource recovery from PBB [23]. Their respective
outputs demonstrate how these strategies differ from one another. Both technologies’ operating
temperatures, which are respectively 200°C–290°C for HTC and 280°C–420°C for HTL, are rising and it
is becoming more difficult to distinguish between them. Due to the competitive effect, the temperature of
HT under the same system typically had an intermediate ideal value. When high moisture biomass is
being valued, the HTL process outperforms the HTC in terms of hydrogenation and deoxygenation,
which can be seen in the O/C content. Because of this, HTL products (bio-oil) have a comparatively
greater HHV than HTC. But the HTL method will pay a higher price due to the higher treatment
temperature [23].

Ripe plantain can replace maize and corn by up to 75% in broiler feeds [52]. The PAB provides food
security in tropical nations [53], whereas about 90% of the produced PAB is consumed in producer
countries. Approximately 250 kg per capita is consumed in underdeveloped and developing countries,
especially in the poorest countries. PABs have become a staple food in many tropical and subtropical
communities because of their significant contributions to food security and reducing hunger. The
distribution of metabolites throughout the various sections still plays a crucial role in determining how
nutritious and healing they can be. Oyeyinka et al. [54] carried out a study to determine the nutritional
and mineral content of the flesh, peel, and peel extract components of the fruits of Musa sinensis L. and
Musa paradisiaca L. as well as their nutritional and therapeutic potential. The results of the proximate
analysis showed that the flesh and peel of M. sinensis L. and M. paradisiaca L. both contain significant
amounts of moisture, fiber, carbohydrates, and low-fat content, while minerals K, Mg, Ca, Na, P, and N
were significantly concentrated in the peels and peel extracts in particular. Safe levels of alkaloids,
oxalate, saponin, and phytate were found according to the World Health Organization Standard.
According to the study, M. sinensis’ peel, M. paradisiaca derivative extract, and its flesh all have
potential health benefits. The use of PBB with its derivatives offers high adsorption affinity and
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selectivity towards gold extraction from bioactive components [55]. Okorie et al. [56] looked at the mineral
and heavy metal content of the peels of unripe plantains, ripe plantains, unripe bananas, and ripe bananas in
an effort to promote the bioconversion of PBB into beneficial compounds. Using established methods, the
total protein, C, Mg, K, Na, P, Zn, Cu, and Pb composition of the peels of unripe plantains, ripe
plantains, unripe bananas, and ripe bananas was examined. The levels of Ca, Mg, K, Na, P, Zn, Cu, and
protein were all rather high in the peel samples under study. However, the amounts of Pb were all
relatively low and unlikely to have any negative consequences. The study demonstrated the nutritional
value of these plants’ peels.

The different treatments and applications of PBB are highlighted in (Table 1). Some of the mentioned
technologies are further discussed in the sub-sections. Several conventional treatment approaches, such as
pyrolysis, AD, composting, and other thermal processes, have been applied individually to valorize PBB
for biofuel production.

Table 1: Different valorization techniques, merits and demerits for plantain and banana waste/biomass

Biomass
nature

Treatment
techniques

Product yield Merits De-merits Remarks Ref.

Plantain
peels

Pyrolysis Operated under
pyrolysis
conditions wide
temperature
ranges of 100°C
(200°C–700°C)

Effective to
produce char, oil,
and gas. Flexible
scale with less
pollution

Need pre-
drying.
Nutrients can
be leached to
biochar

Pyrolysis
produced bio-
oil and biochar
from the
plantain peels
biomass as
alternative to
fossil fuel

[57]

Dry
biomass
banana
waste
(fibres,
fruit-
bunch-
stems and
Leaves)

Incineration The biomass is
burnt in the
furnace and heat
boiler

Require huge
treatment
capacity of
waste. viable
energy is
produced

High
operational
cost. Can
produce
harmful gas

It produces
thermal
energy and
steam

[23]

Banana
Peels and
derivatives

Extraction of
biochemical
components.
and using
adsorption-
incineration
techniques for
gold recovery
from acidic
media

Gold extraction
and recovery

High-purity
metallic gold
(>99%) was
obtained via
adsorption-
incineration

Need further
technique
investigation
for
commercial
scale
application

Banana peels
and lipids
biomass reveal
tendency for
utilization in
formulating
gold
nanoparticles,
metal recovery
and
nanoscience

[55]

(Continued)
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Table 1 (continued)

Biomass
nature

Treatment
techniques

Product yield Merits De-merits Remarks Ref.

Varieties
of biomass

HTC process HTC
temperature
range of 160°C–
300°C was
applied

Produce CH4.
Without
dehydration.
Short processing
time. Produce
bio-oil,
hydrochar or gas

Long
processing
time. The
technology is
at the infant
stage

About 57% of
hydrogen (H2)
in HTC-
syngas was
attained

[58]

PAB
plants
biomass

HTL process HTL technique
about 200oC–
400oC and 10–
15 MPa
considered
suitable for PAB
with the
moisture
content 60.44%
and 71.37%

Without
dehydration.
Short processing
time. Produce
bio-oil,
hydrochar or gas.
Produce CH4

The
technology is
at the infant
stage. Long
processing
time

HTL-syngas,
bio-crude oil-
aqueous
phase, solid-
phase (Char)

[59]

Biomass HTG
Technique

Biomass
oxidation
reaction starts
above 374oC

Produce bio-oil,
hydrochar or gas.
Produce CH4.
Without
dehydration.
Short processing
time

Long
processing
time. The
technology is
at the infant
stage

Burnable
gases generate
energy (N2,
CH4, CO2 and
H2 rich-
syngas). Bio-
methanol
production

[60,61]

Biomass Composting Aerobic
compost capture
thermal energy
in the hot air
generated by the
composting
process

Able to use
nutrients

Polluting soil
and water

Heat and
compost are
recovered

[62]

PBB in
MSW

Landfilling Open land and
closed land
filling

Easy to operate.
Low cost

Occupy land. CH4 and CO2

are the GHGs
influencers
into the
atmosphere.
(50–70)% of
CH4 is
produced from
the techniques

[63]

(Continued)
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4.2 Thermochemical Treatments

4.2.1 Pyrolysis Process
Pyrolysis is an ecologically friendly and well-known method of renewable biomass waste treatment for

bioenergy production. It contributes to replacing fossil fuel usage by putrefying biological substances in
limited or no oxygen (O2) conditions to produce bio-oil, syngas, and biochar. Pyrolytic conditions
determine the yield of the pyrolysis product, and there are distinct types such as conventional/slow, fast,
and flash pyrolysis. Biomass can be expressed as organic matter, and the amount of biomass produced is
almost 105 billion metric tons of carbon annually. Ideally, biomass decay over a long time emits CO2 and
a limited amount of CH4, resulting in global warming. The primary biomass is still considered wood for
numerous processes. In some studies, PAB plant and peel wastes were pyrolyzed for resource recovery
and to avert environmental challenges [57,68]. Pyrolysis products have demonstrated excellent
performance in biofuel production, waste water treatment, soil amendment, and contribution to the
extraction of toxic heavy metals [69,70].

Pyrolysis can be performed under different pyrolytic conditions such as temperature, heating rate, and
duration, and these parameters determine the applied pyrolysis type. Conventional pyrolysis has a heating
rate of 0.1–1 °C/s, duration of 10–100 min, and a temperature of less than 300°C. It will offer a high
biochar yield compared to bio-oil and syngas as products. Fast pyrolysis proceeds at a rapid heating rate
of 10–200 °C/s with a moderate temperature range of 350oC to 700°C, which has been reported to yield
an equal amount of biochar and bio-oil as syngas. In contrast, flash pyrolysis (usually called ultra-fast

Table 1 (continued)

Biomass
nature

Treatment
techniques

Product yield Merits De-merits Remarks Ref.

Banana
peel
biomass

AD AD operated at
organic loading
rate 77 L kg
−1 dry wt, at
8 Hydraulic
retention time
and the banana
peel total solid
of 7.5%

Environmentally
friendly

Occupy land CH4 content
yield of 71.5%
was obtained
and
considered
suitable as a
bio-energy
fuel

[64,65]

PBB Fermentation PBB peels were
subjected to
concurrent
saccharification
and
fermentation for
7 days by co–
culture of
Saccharomyces
Cerevisiae and
Aspergillus
niger

The fuel of the
third generation
is the most
energy-intensive.
It surpasses the
raw materials of
previous
generations by
several times in
energy output

The problem
of land
distribution
between the
energy and
food
industries
often arises.
Additional
process
required to
obtain refined
bioethanol

The respective
optimal yield
for PBB were
7.45% v/v and
3.98% v/v bio-
ethanol to
serve as
alternative
energy sources

[66,67]
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pyrolysis) applied at a temperature range of 900oC to 1300°C and a fast heating rate of >1000 °C/s, yields a
high amount of bio-oil and syngas, but it depends on the types of biomass [71]. Flash pyrolysis temperatures
dramatically altered the morphology of the chars, resulting in the loss of the original biomass cell structure,
sintering, and macropore development [72]. From an industrial perspective, pyrolysis can produce chemical
compounds and other essential materials. Acetic acid, furfural, and phenolic compounds are some of the
representative chemicals obtained from the pyrolysis of LCB.

Biomass conversion by thermochemical methods, for example, pyrolysis, has shown tremendous
potential in the treatment of carbonaceous materials. Its products can be used in many fields for
bioenergy, nutrient recovery, and agronomy. Te et al. [73] reported the optimization of pyrolysis
parameters for the production of biochar from banana peels. Based on pyrolytic characteristics and
biochar yield, the ideal biochar with the greatest potential for agricultural use was selected. The elemental
content of the biochar was used to calculate the elemental ratio on a molar basis, which is important in
figuring out whether or not the banana peel is suitable for use in the slow pyrolysis process that produces
biochar. Pyrolysis was recommended for LCB treatment (e.g., PBB) to generate bioethanol, produce
syngas converted to bioethanol via catalytic conversion, and produce bio-oil, which shows the ability to
compensate for fossil fuels if it is improved [74]. Organic materials can also be treated for reusable
products through pyrolysis application [75]. The remarkable advantage is that pyrolysis is more flexible
and suitable for application on a large scale to generate numerous different chemical materials. Fig. 3
illustrates the route of bioethanol production via pyrolytic syngas from PBB.

Lignocellulosic plants such as PAB waste are biomass with a potential renewable energy source for the
future, which will lessen the use of non-renewable fuels. Safarian et al. [76] studied pyrolysis syngas with
many other different kinds of agricultural biomass for bioethanol production and found that carbon
monoxide (CO) and H2 in the syngas are the core paramount gases. High ethanol yield production is
feasible to modify CO and H2 in pyrolytic syngas output. Hydrocarbon production from LCB under
catalytic conversion of syngas products was investigated and reported [77].

4.2.2 Incineration
Incineration is a well-known thermochemical technology. Waste stream incinerations often proceed with

an ample supply of O2 to produce particulate matter, ash, water, CO, and CO2, trace hydrocarbons, heavy
toxic metals, radioactive contaminants, and acid gases. The incineration of biomass offers waste to
energy, and the thermal process has been applied to treating several wastes and gained prominence over
time. The incineration technique has waste treatment potential for reducing the waste stream and energy
recovery compared to landfill [78]. In the incineration of organic materials and biomass, energy is
produced in the form of electricity or heat. It is associated with some challenges, such as environmental
contamination in terms of GHG emissions (e.g., CO, CO2, SO2 plus dust) and other associated health
problems [79]. The pollutants or contaminants discharged during the incineration of biomass materials are
polymeric substances. These are polychlorinated biphenyls, polychlorinated dibenzodioxins, polycyclic
hydrocarbons, and toxic metals.

Biomass/PBB Pyrolysis

Bio-oil

Biochar

Syngas
Catalytic conversion

Bioethanol

Figure 3: Production of bioethanol from plantain and banana plant waste via pyrolysis process
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About 2.01 billion tonnes of municipal solid waste (MSW) are produced annually worldwide, with
approximately 33% directly discharged into the environment without specific treatment, while about 44%
is generated from agricultural waste. MSW is projected to increase in 2050 by up to 27 billion tonnes,
mainly in Sub-Saharan Africa, South Asia, and East Asia-Pacific [80]. Recently, highly advanced
monitored incinerators have been designed to address the environmental pollution problem. Some modern
cities have adopted Integrated Waste Management Facilities (IWMF) to reduce the amount of discharged
waste to landfills. IWMF was conducted in the metropolitan areas of Barcelona in 2018–2019 and in
Hong Kong, with developed incinerator reactors that can treat three thousand tonnes daily [81]. Japan’s
small landmass leads to inadequate space for landfills, therefore, incineration is applied as an MSW
treatment to generate electricity, especially in urban cities with massive biomass generation [82].

Numerous studies have proposed the incineration of MSW into ash before being discharged to landfills.
Biomass incineration generates fly ash as a potential raw material source for other industrial products. In
Wang et al. [83] designed cement production, he discovered the presence of silicon in municipal solid
waste incinerated ash with magnesium oxysulfate to improve the stability with an outstanding binding of
99.8%. Due to the high generation of MSW in China [84], approximately 12.4% of bottom ash from
incinerated MSW can be used as a raw material to substitute portland cement clinker [85]. Ash generated
from incineration can amend soil properties [86]. The application of incineration to different biomass
products is presented in (Fig. 4).

Recently, the incineration of organic and inorganic matter has been applied in different aspects. This
process has been advanced by increasing efficiency and reducing environmental pollutants, and some
studies have integrated these methods with other treatment techniques [87]. Even though it is a waste-to-
energy method, PBB valorization appears to be a good fit for the technology. There may be a number of
bottlenecks that present problems. The widespread use of this technique as a means of energy recovery is
prohibited by the high capital, operating, and maintenance expenses of waste incineration facilities. The
high moisture content of PBB has an impact on both direct combustion and incineration, making it
challenging to operate a plant continuously and optimally due to the need for extra fuel [23]. Considering
the high humidity feature of PBB, the incineration might pose a slight limitation on its flammability.

Biomass/PBB
incineration

Heat & Electricity

Industrial 
application

Recovery of 
mineral 

Agriculture

Figure 4: Different application of the incinerated biomass/PBB products
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Hence, the combination of PBB with other highly flammable organic materials such as wood and cardboard
is suggested to enhance the incineration performance. Incinerated biomass and PBB products are applicable
in different ways to enhance soil characteristics, raw materials for industries, mineral extraction, and
electricity production. Incinerated biomass and PBB products are applicable in different ways to enhance
soil characteristics, raw materials for industries, mineral extraction, and electricity production.

4.2.3 Hydrothermal Treatments
Hydrothermal Carbonization Process

The conversion of biomass by pressure and heat with water to produce hydro-oil, gas, and hydro-char is
called the HTC process [88]. Pretreatment such as biomass drying is not required for this method, and HTC
energy consumption is less than the pyrolysis process. According to Heidari et al. [89], this method improves
biomass hydrophobicity and dehydration, as well as fuel characteristics, thus, water is regarded as an
essential feature [90]. Operating HTC enlarges the amount of ash within the hydro-char, mostly from
lignocellulosic-rich biomass [91]. The HTC products can be applied in diverse aspects. Hydro-char can
be used as an additive in AD to stabilize and improve CH4 production yield [92]. It has been found that
hydro-char can improve soil properties and act as a detachment for the reduction of GHG emissions.
Several papers also refer to hydro-char from HTC as recalcitrant [93].

The different HTC carbonization routes of PBB or biomass are proposed in (Fig. 5). The HTC of the
biomass/PBB produces three products (HTC-liquids, syngas, and char) and they are applied under
different routes. Biomass can produce aqueous intermediates under the degradation process, which can be
polymerized and condensed to generate biochar [94]. Through the HTC process, syngas produced can
generate bioenergy (e.g., bioethanol) via catalytic conversion, and aqueous liquid with AD produces CH4

gas [95]. HTC was used to valorize giant bamboo, coffee wood, eucalyptus, and coffee parchment after
3 h of residence time and temperatures ranging from 180°C, 200°C, 220°C, and 240°C [96]. Below
220oC, high hydro-char content of 24.6–29.2 MJ kg−1 was produced, which shows the excellent ability
for biofuel production. Based on the organic acid of aqueous HTC liquid with a pH in the range of 2.9–
4.4, around 33.8%–53.0% of fixed carbon was generated. Different biomasses were processed via HTC at
a temperature range of 160°C to 300°C. They discovered approximately 57% of H2 in HTC-syngas [58].
Based on the current energy demand, H2 is an excellent option for a green future and the environment.

Hydrothermal Liquefaction
HTL is a promising technique for renewable bio-crude oil generation from organic materials. HTL can

be performed at a temperature and pressure in the range of 200°C to 400oC and 10–15 MPa, respectively, to
produce bio-crude oil, solid-phase (Char), gas (HTL-syngas), and aqueous phase. The HTL aqueous phase,
supersaturated with complex organic matters and nutrients, can be treated with AD for bioenergy production

PBB Primary Hydro-char

Aqueous intermediates AgricultureSecondary bio-char

Aqueous HTC liquids

HTC - syngas

HTC -180OC

Bio-ethanol 

Composting 

Figure 5: Hydrothermal carbonization routes of biomass wastes
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and nutrient recovery [97]. Several studies have improved the biomass-to-bioenergy conversation,
particularly biofuels via thermochemical and biochemical technologies. Biomass liquefaction can be
achieved directly via HTL, with no need for biomass pretreatment with drying [98]. Additionally, HTL
produces bio-crude oil by converting the total carbohydrates, proteins, and lipids present in biomass [99].
HTL has attracted the attention of many researchers. The mechanism of organic matter transformation to
produce bio-crude oil with HTL and the respective by-products applications for industrialization is
essential to date.

Investigating various methods for converting PAB plants/biomass into bioenergy, HTL demonstrated
remarkable and suitable potential for treatment and production of biofuels. PAB can produce good bio-oil
due to the significant contribution of carbohydrates and proteins [100]. In addition, compared with most
bio-oil producers’ technologies (flash pyrolysis), the HTL technique is more suitable for PAB plant
biomass treatment, owing to the PAB moisture content of 60.44% and 71.37% [59]. At the same time, it
does not require drying and dewatering pretreatments.

Hydrothermal Gasification
Recently, HTG has received excellent attention for biofuel production, and it is classified due to the

applied temperature range. In contrast to HTL, which produced bio-crude oil at temperatures ranging
from 300°C to 350oC. When the temperature increases above 374oC, biomass gasification occurs,
producing CH4 and CO2 as the main products. The majority of H2 is created from fossil fuels by coal
gasification, partial oxidation of heavier hydrocarbons, steam reforming of natural gas and other light
hydrocarbons. Other techniques of producing H2 include electrolysis of water [101], zero-CO2-emission
methane pyrolysis [102], and biomass gasification [103]. Li et al. [104] reported the conversion of
glucose to H2 in a polymer exchange membrane electrolytic cell and an integrated device consisting of a
liquid catalyst fuel cell stack. Glucose can act as a source of H2 for bioenergy production. Another way
of producing H2 rich syngas is the valorization of PAB/biomass at a high temperature with catalytic
support [105]. Receding energy demand makes H2 rich syngas an excellent option for energy and a green
future.

With the aid of a catalyst, HTG with supercritical water gasification (SCWG) may be an effective green
technique for producing H2 from PBB and other agricultural waste. Okolie et al. [60] reported alternate
energy resources from agricultural waste/biomass with the application of SCWG for H2 recovery in light
of growing fuel prices, diminishing fuel resources, increasing energy demand, and the environmental
difficulties of biomass. They produced H2 by gasifying agricultural crop residues, including flax and
soybean straw biomass, at subcritical and supercritical temperatures (400°C and 500°C, respectively). The
effects of temperature (300°C–500°C), biomass-to-water ratio, BTW (1:5 and 1:10), biomass particle size
(0.13 mm and 0.8 mm), and residence time (30–60 min) on H2 production were investigated at a pressure
range of 22–25 MPa in order to maximize the non-catalytic process. Soybean straw biomass produced the
highest H2 yield and total gas yields of 6.62 mmol/g and 14.91 mmol/g, respectively, at the highest
temperature (500°C), lowest feed concentration (1:10 BTW), smallest particle size of biomass (0.13 mm),
and longest residence time (45 min). For the respective biomass waste assessment, it was discovered that
the KOH catalyst increased the H2, CO2, and CH4 yields.

PBB/biomass has high water content, thus, there is no need for water in the PBB/biomass conversion to
energy during valorization with the HTG technology. Some proposed catalysts have been used and shown
outstanding achievement: platinum monometallic, transition metal oxide, Ni/Al2O3, sodium silicate, and
Ni catalysts [106] to enhance the production of H2 from biomass. Because biomass has a complex
structure (lipids, carbohydrates, and proteins), the biofuels produced through direct thermochemical
conversion contain a lot of heteroatoms (O2, nitrogen, and sulfur). Catalyst-based technologies have come
to light as a viable remedy for the rise in biocrude generation [107]. In recent decades, HTG has been
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used as an alternative way to produce H2 gas at a low heating rate and temperature for bio-energy production.
At temperatures above 374oC, the biomass oxidation reaction begins, and the by-product gases are N2, CH4,
and CO2 as burnable gases to generate energy [61]. Another study, investigated how sewage sludge biomass
and glucose may be used to produce H2 by SCWG/HTG. The authors of the study concluded that until H2

prices exceeded $5 kg−1, there were no profits associated with a glucose feed concentration of 15% with the
bio-solid [108]. To maximize economic efficiency, the SCWG/HTG technology still requires a thorough
understanding of process ideas and plant elements. HT processing technology can be commercially
viable, but more research is required, notably in the valorization of PBB.

4.3 Biochemical Treatments

4.3.1 Composting Techniques
PBB is a biodegradable organic agricultural waste that contributes significantly to the circular

agricultural waste stream. PBB biomass is widely grown in tropical countries such as Africa and Asia.
Most of the biomass is left on the field for decomposition, notably in African countries, due to poor agro-
wastes treatment in a sustainable way. Agricultural waste treatment and biomass suitable as renewable
energy sources pose severe challenges in urban areas if inadvertently disposed of [109]. The associated
advantages of composting biomass are that it affords a balance of minerals for agro-sectors. Several
studies for microbial and chemical reactions such as ammonification, carbon pegmatite, hydrolysis,
humification, and hydrolysis were examined, and composting was rated the most efficient of those
treatments. However, according to Villar et al. [110] study, the optimal maturity of biomass composting is
referred to as the curing phase, where many modifications take place. During composting maturity rate,
biomass’s nitrification reaction, chemical and ecological conditions were reported as promoters for
nitrogen modifications [111]. Improper composting of agro-wastes causes environmental issues such as
GHG emissions and the release of other harmful substances into the ecological system, such as toxic
heavy metals.

For contaminants’ minimization, it is essential that composting of organic substances be optimized.
According to Al-Rumaihi et al. [112], fossil fuel combustion accounts for 60% of global warming, with
composting coming in second at 40%. The hybrid AD method and SimaPro software, windrow
composting, are ecologically friendly and are two advanced composting treatment techniques. The
optimal composting of biomass requires other physico-chemical components such as aeration (supply of
O2), temperature, moisture content, carbon to nitrogen ratio, compaction degree, size of particles, and pH
[113]. Because the biomass treatment method is linked to the microbial community, a low supply level of
O2 can have a significant impact on composting methods [114]. The O2 supply levels have an impact on
the compost standard and microbial growth within the treatment method. The impact of active and
passive aeration systems on compost processing showed that active aeration was satisfactory with around
37.30%, compared to passive aeration conditions [115]. LCB composted at a low aeration level leads to
poor degradation, low temperature, and low NH3 content [116]. Composting is a long-term process to get
completely composted biomass. The addition of some additives can enhance the composting rate and
product. The additives are categorized as biological, mineral, and organic matters such as microbes,
zeolite, charcoal, lime, red mud, fly ash, biochar, inoculum, phosphor gypsum, leaf filter, etc. [117]. The
study extensively discussed additive and amendment effects on compost products and the composting period.

4.3.2 Anaerobic Digestion
The process of converting organic matter into bioenergy in the absence of O2 is called AD. This

treatment method has been performed for many decades and is considered eco-friendly. AD is carried out
consecutively within four phases: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [118].
Several factors influenced AD performance. Highly considered conditions are pH, temperature, C/N ratio,
and temperature. Many researchers have recently shown great progress in optimizing this process by
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defining distinct digestion parameters. The high by-product is obtainable for LCB via developing the C/N
ratio by co-digestion of different biomass, bio-physiochemical pretreatment promoting the hydrolysis
process, and the use of several additives [119]. The lack of bio-electrochemical systems to monitor the
AD process at an optimum level is a challenge for the AD process. Despite many shortcomings affecting
AD operations, urgent efforts to attain the highest CH4 and nutrient recovery yield are necessary. Studies
showed ammonia as the primary inhibitor, it mitigates methanogenesis at the last stage of the process and
has a minor impact on the acidification and hydrolysis phase [120]. In AD, Total Ammonium Nitrate
(TAN) not greater than 200 mg/L was observed to be conducive and acceptable [121]. Most of the studies
described some techniques for ammonia reduction, such as co-digestion by changing the C/N ratio,
exchange of ions, air stripping, and adsorption, and also pH monitoring in the range of 6.5 (±0.5) was
observed as a suitable method, promoting sustainability, stability, and the increase of CH4 production
[122]. The AD process for bioenergy production uses a variety of feedstocks, including animal and
agricultural biomass. The core products of AD from biomass are CH4, CO2, and digestate with high-
loaded minerals such as TAN and other recovered nutrients, which can be applied in the agriculture
sector for enhancing soil properties. In addition, Deng et al. [123] recommended TAN extraction through
different technologies as a source for nitrogen recovery.

Biologically, PBB is a LCB that is produced in large quantities and is considered an alternative source of
bioenergy. Thus, PBB biomass can serve as a great feed to AD to produce CH4 instead of emitting GHGs into
the environment. Banana tree plant biomass is an excellent feed to AD, where CH4 and CO2 production were
around 65% and 40%, respectively, with saturated digestate [64]. The digestate product is applied in other
agriculture sectors, bio-CH4 and electricity are retrievable during biogas refining [64]. Tambuwal et al.
[124] studied the creation of biogas from banana and plantain peels that had been fertilized with cow
dung. An improvised laboratory anaerobic digester was used to conduct the experiment for 35 days. The
seeded sample produced the most gas throughout the retention period, followed by the fresh sample and
the dried sample. When compared to plantain peels, banana peels were found to be a better biogas
producer, with the biogas produced having a calorific value of 6684 kcal/kg as opposed to 6535 kcal/kg
for plantain peels. The PAB peels both had a small decrease in pH, from 7.2 to 5.68 and 7.4 to 6.1,
respectively.

Lignocellulosic plants constitute about 10% to 25% of the lignin, referred to as an AD inhibitor. In that
sense, lignin has to be extracted through pretreatment to stabilize AD and promote biogas production. In the
lignin extraction and pretreatment techniques, the organosolv method showed great purity, compared to
sulfur extraction techniques, with the amount of potassium hydroxide (KOH), which acts as an activator
for promoting porosity, leading to an increase in surface area for the adsorption of lignin [125]. Several
studies, however, have found that LCB with a high C/N ratio can reduce CH4 production in AD. In
contrast, the symbiotic co-digestion of poor and high C/N ratio feedstocks for AD can promote biogas
production [126]. Africa and Asia are high producers of this kind of biomass, mostly in tropical
countries, and AD seems to be a suitable biomass treatment. The African Biogas Partnership Program and
Winrock International projects constructed 3660 biogas plants in Africa, Vietnam 140698, and Cambodia
17450 [127,128] to produce bio-gas and digestates from 2009 to 2015.

PBB (banana processing wastes like peel, peduncle, and pseudo stem) were taken as suitable feedstock
for AD because they are considered putrid organic wastes [129]. Through the characterization and batch
digestion studies, they are evaluated for their suitability and potential for biogas generation. An
investigation of the physicochemical properties of banana wastes, specifically banana peel, pseudo stem,
and fruit bunch stem, was conducted. The capacity of the banana wastes to produce biogas was also
examined using an experimental batch AD setup. According to the characterization investigation, the
concentration of total solids and volatile solids in banana waste ranges from 10.1% to 14.63% and 14%
to 19%, respectively. The specific biogas production (L/kg of feed) from batch studies was discovered to
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be approximately 0.35 L/kg/day, and the mixture of 75% crushed banana peel and 25% cow dung produced
the greatest results, with a greater gas production of 3.85 L. According to the batch digestion study and
examination of its physicochemical characteristics, banana waste has the potential to be an efficient
feedstock for the production of biogas. Using PBB as organic waste for biogas production through AD is
a sustainable method of obtaining energy from waste. It addresses the two main issues of energy demand
and environmental protection.

4.3.3 Landfill Techniques
The landfill serves as a biochemical reactor with ecological and biodegrading features for LCB, and it is

the source of hydrolytic enzymes [130]. An enzyme is essential to human and industrial applications as it
catalyzes starch, protein, and lipid breakdown [131]. Besides, it can generate bio-energy and electricity
when integrated with other technology. This process has been adopted and performed in many countries
for many decades. The closed and active landfills in the European Union number are around 500,000 and
150,000, respectively. Although the incineration process requires enormous capital to construct facilities,
it demands a high-temperature level. Other treatment techniques, such as pyrolysis, HTC, HTL, HTG,
composting, and AD, are costly. Landfills are preferred over incineration because they require less labor
and are less expensive. Evaluated GHG emissions from landfills show that if integrated with a gas
monitoring device and channeled for power and bioenergy (CH4) production, it is environmentally
friendly [132].

The improper disposal of LCB is one of the global warming challenges. The discharge of biomass in
landfills contributes to environmental problems by emitting GHGs such as CH4 and CO2 into the
atmosphere. Biogas produced in landfills constitutes about 50%–70% of CH4, and this gas is considered
to degrade the environment 20–25 times more than CO2 [63]. Several ecological degradations such as
phosphate water pollution, GHGs, and the discharge of toxic heavy metals into the environment have a
connection to landfilling and lead to severe water, soil, and air difficulties [133]. After harvesting, most
producer countries release PAB waste into the field for degradation. This is especially common in
developed and developing tropical countries. Proper agro-biomass management and technological
methods can reduce landfilled biomass and GHG by promoting bio-energy production and mineral
recovery [59]. In China, the circular economy has been promoted. It modernizes and improves the
efficiency of MSW treatment technology, including agro-wasted biomass, such as PBB [134].

4.3.4 Fermentation Techniques
Globally, energy dependence has risen due to population growth, transportation, and industrialization.

However, numerous studies have examined and proposed some sustainable and renewable sources of
bioenergy through diverse biomass treatments with AD, pyrolysis, incineration, HTL, HTC, and HTG
[119]. Whenever a biomass undergoes several treatment stages, such as pretreatment, hydrolysis, and
sugar conversion into bioethanol, it is referred to as the bio-fermentation process [135]. According to
Gunes et al. [136], recently, fermentation is considered a merely renewable technology to produce
bioethanol, which can be used instantly without any modifications. During fermentation for bioethanol
production, the exhaust gas (CO2) is used by plants from the atmosphere for development. Bioethanol
utilization does not contribute to global climate change during production, meaning no GHG emissions
during its combustion. Highly fermented biomass is organic material that constitutes starch or
carbohydrates. Bioethanol processing at an industrial scale demands a sizeable agricultural area for
adequate biomass feedstock utilization. As a catalytic medium in the process, yeast cells can adsorb
diverse sugar substrates. It is used to produce bio-ethanol because PABs are high in cellulose. The
fermentation process can produce up to 80% ethanol [137]. Before the saccharification process,
pretreatment is required to extract lignin so as to offer optimal biomass conversion to bioenergy because
it is difficult to biodegrade and can inhibit the process. The hydrolysis of cellulose and hemicellulose to
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monomers such as sugars and other valuable chemical products does occur. Therefore, LCB, from PBB,
comes as a solution for bioethanol production owing to its affordability and availability in large amounts,
mostly in tropical countries.

LCBs are a natural source of carbon and exist abundantly, and they are made of different concentrations
of lignin, hemicellulose, and cellulose [138]. According to Bernardi et al. [139], LCB is a polysaccharide
biomass material that can be converted into simple sugar and bioethanol using bio-fermentation
techniques. Ramawat et al. [140] examined that hemicellulose and cellulose have H2 and covalent bonds
as lignin, and are present mainly in LCB at approximately 70%. According to some studies, cellulose is
the backbone of LCB and the most widely used polymer on the planet, with 1.5 × 1012 tonnes produced
annually [141]. Due to the recalcitrant nature of LCB, pretreatment is needed by different methods. The
LCB pretreatment methods are mechanical, biological (laccases enzymes, peroxidase, and fungi),
physiochemical (hydrothermal (HT) and steam explosion), and chemical (oxidizing agents, bases, and
acids) to enhance the second-generation bioethanol production yield [142]. The first-generation
bioethanol, generated via the conversion of amylaceous and monosaccharide plants, had critical
challenges and competed with global food materials. Therefore, second-generation bioethanol has
excellent potential and is a promising renewable source of biofuel as it only uses other parts of plants
without any direct food competitiveness.

The main constituent of LCB is cellulose, defined as a homopolymer with linear glucose. Cellulose is
composed of 95% glucose and other minor sugars such as mannose, galactose, and xylose, additionally, β-1,
4-osidic bonded 2-glucose, which results in the formation of 3-dimensional chains of glucose bonded by a H2

bond [143]. Fig. 6 shows the schematic diagram for bioethanol production from LCB. LCB can be pre-
treated, and some constituents, including cellulose, hemicellulose, lignin, and starch, can be extracted.
The supersaturated cellulose in LCB can be hydrolyzed and then fermented to produce bioethanol. The
hydrolysis process decomposes polymer molecules of hemicellulose and cellulose into simple sugars.
Cellulose’s microfibers are crystalline, making cellulose resistant to the hydrolytic enzymes [144].

Diverse hydrolysis parameters between hemicellulose and cellulose exist, the use of a catalyst (e.g.,
enzymes or acids) is needed for cellulose hydrolysis. Several studies proposed diluting sulfuric acid
(H2SO4) at a residence time of 180 sec and a temperature range of 180°C–240oC [145]. Enzyme
applications (β-glucosidase, endoglucanase, and cellobiohydrolases) completely decompose cellulose and
hemicellulose into glucose without generating inhibitors [146]. Hydrolysis and fermentation can be
operated in two combined or separate processes. The separate process is commonly known as separate
hydrolysis and fermentation (SHF), and it has potential because both processes (hydrolysis and
fermentation) are performed at their peak levels [147]. The cellulose hydrolysis was recommended to be
processed at an optimal temperature of between 45°C to 50oC, while bio-fermentation was operated at a
temperature of between 30°C–37°C to produce bioethanol optimally. However, this process has

LCB
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Lignin Cellulose 
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High yield of Bioethanol

Bio-fermented
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Figure 6: Bio-fermentation schematic of LCB for bioethanol production
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challenges, such as forming inhibitors during the process. Geberekidan et al. [148] showed that, due to the
high glucose production level, there was inhibition between cellulase and β-glucosidase.

In addition, combining two processes in a single reactor, this method is usually called simultaneous
saccharification and fermentation (SSF), where the main problem with this method is partial cellulose
hydrolysis. At the same time, the operation is not performed at the optimal hydrolysis temperature to
avoid the denaturation of enzymes. That aspect can lead to a low level of glucose production and result
in poor bioethanol production. In addition, Burman et al. [149] performed SHF and SSF methods with
diverse substrates. After pre-treating biomass with H2SO4, they discovered that SHF could produce a
large amount of bioethanol at a lower capital cost than SSF. Ntaikou et al. [150] also processed both
techniques by utilizing domestic food waste with about 50% of carbohydrates. The SHF performs better
than SSF with a bioethanol production level of 141.06 ± 6.81 g/kg with a carbohydrate of 0.40 ± 0.03 g
ethanol/g as an influent without the amylolytic, cellulolytic, and yeast denaturation enzymes. Operating
hydrolysis and bio-fermentation simultaneously has more advantages. For example, it is less expensive,
and the inhibition problem is reduced because the glucose produced is immediately fermented into
bioethanol.

Globally, approximately 100 million tonnes were produced in 2015, with a value of USD 732.7 million,
and this figure is expected to rise to $913.1 million by 2025. Additionally, extracted lignin is used in
pharmaceuticals, drug delivery materials, wound dressings, and other industrial operations [151]. PBB is
composed of many parts, including pseudostems (a starch-rich part that is sometimes used in medical
applications), fruits (a food source), leaves, and terminal inflorescence, in this regard, PAB harvesting
generates a large amount of agro-waste. PAB peels, stalks, leaves, pseudostems, bunch-stems, rhizomes,
and rotten fruits are categorized as agro-biomass [152]. Hossain et al. [153] estimated that, for each tonne
of PAB harvested, 4 tonnes of pseudostem are produced and decomposed in the field without any specific
treatment, contributing to ecological degradation. Improper disposal of PBB results in harmful emissions
of H2S, CO2, CH4, and toxic heavy metals, which can be extracted for functional application for
bioenergy production or other industrial applications. Biomass/PBB constitutes essential raw materials for
human and industrial daily needs. According to Joshi et al. [154], annual residues from PAB (notably in
India) are around 1.2 × 107 tonnes, producing 1421 MW of power. The management of PBB with two-
dimensional treatment routes such as thermochemical and biochemical treatment and the integration of
those two distinct techniques to optimize bioenergy production and nutrients recovered is recommended.

5 Conceptual Treatment for Biofuel Production and Nutrients Recovery Approach

5.1 Technological Integration
Different kinds of literature were studied and reviewed, evaluating different techniques of biomass

treatments for energy and mineral generation, such as AD, pyrolysis, HT, and bio-fermentation. For
example, Shaharoshaha et al. [155] discovered that using unripe and ripe banana peels under AD in
mesophilic conditions yields more CH4 gas than using unripe banana peels, with yields of 1405.31 and
847.57 mL/gVS, respectively. Other techniques conducted were HT (Alimi et al. [156]), pyrolysis, and
fermentation [157]. Wang et al. [158] studied sludge co-pretreatment by fermentation and AD. The
coupling of pyrolysis and AD can enhance carbon in organic substances, this technique treats recalcitrant
wastes and food waste. Zero waste technology was achievable by integrating fermentation and pyrolysis
for vegetable peels, fruits, and PBB with the same ratios that offered high production of H2 [159].
Therefore, this subsection’s core aim is to integrate diverse routes for biochemical and thermochemical
processes to improve the yield of bioenergy production content from agro-biomass, notably for PBB
valorization.

JRM, 2023, vol.11, no.6 2611



5.1.1 Integration of Anaerobic Digestion with Pyrolysis
AD and pyrolysis both performed admirably in the treatment of a wide range of wastes, including

recalcitrant biomass, MSW, polymers, and a variety of other organic and inorganic wastes. The end
products of AD are biogas and digestate, while pyrolysis produces biochar, bio-oil, and syngas. In the
absence of O2, the AD effectively degrades and stabilizes various types of biomass to generate CH4 and
digestate under mesophilic or thermophilic conditions. Several studies have found that adding additives
can increase the yield of CH4 gas [160,161]. Three types of pyrolysis are differentiated according to their
operating parameters. The process is classified as slow, fast, or ultra-fast pyrolysis [162]. Fig. 7 depicts
the integration of AD and pyrolysis in terms of biomass/PBB valorization routes.

Due to the pyrolysis of PBB, biochar and bio-oil produced can be used as additives in the AD process to
enhance the production of CH4 gas. High-rich carbon substances such as biochar obtained from pyrolysis of
food waste can advance AD performance by adsorbing inhibitors (e.g., NH3, H2S, and CO2). Biochar
accelerates direct interspecies electron transfer in the reactor, moderating buffer performance and
stabilizing the AD process microbial source [160]. In the AD of organic waste, the performance of two
distinct biochars, commercial biochar (CBC) and local biochar (LBC), was investigated. Prior to being
oven dried at 105oC, it was rinsed with water to eliminate impurities. It was then sieved to produce 1.5–
2 mm particle sizes for the experiment after cooling. Before being used, 0.25 g/d of CBC and LBC that
had pH values of 9.01 and 7.85, respectively, were made as biochar additives. The biochars’ peculiar
physisorption isotherms are (BET surface area: LBC 360.2 m2/g; CBC 340.1 m2/g; total pore volume:
LBC 0.11 cm2/g; average pore diameter: LBC 10.5 nm; CBC 8.72 nm; additional biochar characteristics
are described [163]. According to the AD performance results in this study, reactors containing biochar as
additives encouraged high CH4 yield and reactor stability within 350 days at a higher OLR of 6.0 gVS/
L-d. Furthermore, increased concentrations of the micro-and macronutrient elements in the digestate
compared to the control have improved the quality that is beneficial for agriculture. In biochar reactors,
methanothrix was discovered to be the most prevalent methanogen. Compared to the Methannosarcina
that often rules in an AD system, this may have withstood long-term operations [163]. Different pyro-
char surface area components generated at various temperatures were reported by Pecchi et al. [164]. as
additives in AD bio-methanation. Only two studies reported values as high as 70 m2g−1for pyrolysis
temperatures up to 700°C, and specific surface values were less than 30 m2g−1. The values of surface
area larger than 100 m2 g−1 were attained in two separate works with pyrolysis temperatures of about
800°C. Only one publication reported surface values greater than 400 m2g−1 obtained from sugar beet
digestate at 600°C.

Furthermore, using bio-oil from pyrolysis as an additive improves AD resistance to the inhibitor, hence
the microbial acclimatization and stability to convert more organic matter, influencing CH4 gas production.

Pyrolysis 

Bio-char

Syngas

PBB

Preparation

Digestate

Anaerobic digestionCH4

Catalytic conversion

Agriculture

Bio-oil

Figure 7: Schematic of anaerobic digestion coupled with pyrolysis
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In addition, Kaithal et al. [165] recommended syngas as a great source of H2. Andreides et al. [166] reported
the conversion of CH4 to syngas, where syngas can be used as an additive in the AD process to create and
increase the H2 level in the system by reacting with CO2 and CO to produce CH4. AD syngas bio
methanation produced 94.7% of CH4. It can be converted and catalyzed with specific catalysts such as
zeolites, FexCy, Ru, and Co, which act and promote CO production to lengthen the carbon chain for CH4

[167]. The combination of AD and pyrolysis technologies offers the possibility of significantly increasing
the variety of organic feedstocks that can be transformed, in addition to PBB. Sustainable solutions for
biosolids from waste water treatment, animal manure, non-recyclable paper and cardboard packaging, and
agricultural and forestry wastes are also of great importance. While smooth-running operations and AD
facilities involve a lot of effort, pyrolysis is an energy-intensive process that uses both heat and power. In
order to assess the viability of merging both processes, coordinated and thorough technological and
economic modeling input from engineers and scientists is essential.

5.1.2 Integration of Anaerobic Digestion with Hydrothermal
The treatment of high-moistured biomass to produce hydro-char, hydro-oil, and hydro-gas is referred to

as the HT technique. This method can be classified into three categories: HTC, HTL, and HTG, due to its
diverse operating conditions and different generated products. Based on Krylova et al. [168], more char
can be produced via HTC than torrefaction, which can operate under 180oC [169]. The HTL process is
conducted to make hydro-oil, and HTG generates syngas [170]. Yang et al. [171] proposed the modern
application of HT technology to valorize biomass/PBB. LCB has gained attention for its availability and
is an excellent sustainable source of bioenergy, organic acidic, oligosaccharides, and chemical products.
Two principal prebiotic products, xylooligosaccharide and oligosaccharide, are extracted from LCB by
microbial enzymes and biocatalysts [172]. Because of the high reliance on energy and the critical need
for sustainable bioenergy sources, some researchers conducted studies combining AD with HTC [173],
HTL [174], and HTG [164]. Those integration technologies showed outstanding achievement. Fig. 8
demonstrates distinct routes for integrating HT with AD to enhance energy production levels. Therefore,
LCB is a solution to this problem, and coupling AD with HT enhances bioenergy generation in quantity
and quality and promotes a no-waste system by reducing climate change and the emission of GHGs.

Different categories of HT techniques produce various outputs which can be used as additives to AD for
performance optimization, which leads to high production by-products. Carbonizing macro-algae, hydrochar
was added to the AD for product optimization. Hydrochar has the highest energy, more than the original
biomass [173]. Coupling AD and HTC with hydrochar as additives can enhance the yield and quality of
produced CH4 gas. Usman et al. [175] reported that utilizing the hydro-oil and hydrochar produced by
HTL of sludge as an additive in AD improves CH4 generation. CH4 production increased to 259 mL/g
COD compared with control of 202 mL/g COD with granular activated carbon addition. It increased
microbial degradation and improved the performance of hydrogenotrophic methanogens and acetoclastic
bacteria. Zhou et al. [176] investigated the viability of employing AD to treat aqueous post-hydrothermal

PBB
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HTG (280oC)

Hydro-char

HTL (380oC)

CH4 
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Figure 8: Routes diagram of anaerobic digestion integrated with hydrothermal
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liquefaction waste water (PHWW) with the use of activated carbon because the energy efficiency of the HTL
process is decreased since the PHWW that is created by the process contains up to 40% of the carbon from
the original feedstock. The outcomes show that successful AD occurred at relatively low PHWW
concentrations (6.7%), resulting in a biogas production of 0.5 ml/mg CODremoved and a 53% energy
recovery efficiency. The AD process was inhibited by PHWW concentrations above 13.3%, as shown by
the delayed, sluggish, or nonexistent production of biogas.

Hydro-oil produced from HT can improve and stabilize the AD process for biogas production, though,
some studies reported oil inhibition in AD process [176,177]. Hydro-oil has been directly used in AD in some
previous studies. Haarlemmer et al. [178] conducted analysis of hydro oil obtained by HTL of beech wood
biomass and reported the physical properties of hydro oil obtained at 500oC offered values of 1.1 density Kg
m−3, 70 viscosity mpas at 40oC, while the chemical compositions values were 21.7 (±0.5) HHV (MJkg-1), 13
(±1) Residual carbon (%), 89 (±1) TAN (mgKOHpergramoil), 147 (±1) Iodine value, 11 (±1) Water content
(%), 40.8 Carbon (%), 6.5 H2 (%), and 52.8 O2 (%). Because of the hydro-high oil’s viscosity and low
volatility, chemicals to modify the pH, like sodium hydroxide, were added. This boosted oil yields and
decreased viscosity, but did little to further improve the oil’s quality. The study demonstrates how
thorough analysis can aid in process parameter optimization with a goal that goes beyond mass or energy
yield and supports the use of hydro-oil in AD to increase biofuel production.

It has been reported that only around 44%–61% of the COD was removed and converted to biogas after
AD for the hydro-oil obtained from the HTC of mixed-culture waste water algae biomass in the temperature
range of 260°C–320°C, because a part of the organics was not bio-degradable or even toxic to the
microorganisms. According to Usman et al. [179], the temperature of the HTC had a considerable effect
on the CH4 output of hydro-oil in AD. For instance, when the straw biomass HTC was heated to 320°C,
the hydro-CH4 oil’s output decreased from 314 mL CH4 per g COD to 217 mL CH4 per g COD. Further
analysis showed that the amount of hardly biodegradable organics (such as furans, phenols, etc.)
increased and the amount of readily biodegradable organics (such as saccharides) decreased as HTC
temperatures increased. HT can generate syngas rich in H2, CO, and CO2 content, and H2 can be
promoted and increased using KOH as a catalyst [60]. According to Chen et al. [180], catalytic
conversion of syngas can produce more CH4 gas. Integrating AD with HT is an alternative technology to
treat biomass/PBB for the generation of bioenergy and resource recovery, such as digestate for soil
amendment and energy production.

5.1.3 Integration of Pyrolysis, Fermentation, and Anaerobic Digestion
Triple integration treatment of biomass can promote a zero-waste system due to the recycling of the

waste to produce valuable products and equally act as an additive material to the other techniques. It will
lead to a circular economy, and the coupling treatment process can solve the weaknesses of each method.
Both pyrolysis and AD have recently shown incredible performance in LCB conversion for energy and
waste water treatment. Several studies have been conducted to enhance performance and optimize output,
some studies integrate those techniques for bioenergy and nutrient recuperation [181]. The pyrolysis
product such as biochar can be used as a co-substrate in the AD process to promote the generation of
CH4 by utilizing ampelodesmos mauritanicus as biomass [182]. Besides, the fermentation process is a
potential alternative method to achieve energy, such as bioethanol, because its use requires low energy to
operate, is cost-effective, and environmentally friendly. Zabed et al. [183] evaluated LCB as an excellent
feedstock for the fermentation process. Moreover, Chen et al. [184] reported some methods to recycle
LCB to produce bioethanol through fermentation, distillation, and hydrolysis of enzymes. Depending on
the chemical and biological constituents of LCB, pretreatment through enzymes, chemical and
microbiological processes, and subsequent fermentation will produce bioethanol and electricity. Fig. 9
demonstrates the triple integration routes of pyrolysis, AD, and fermentation. Integrating these three
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treatment techniques can significantly advance and promote the new productive conversion of biomass to
biofuel technology.

Pyrolysis can generate useful substrates in the AD and fermentation processes, where different pyrolytic
products such as biochar, bio-oil, and syngas serve as additives for both processes. This process promotes the
high production of biofuels by mitigating inhibitors, stabilizing the process, improving buffer capacity, and
energizing microbes’ organic decomposition capacity. The process offers a source for the high generation of
H2 to be catalyzed and increases bioenergy yield. In addition, pyrolytic products like syngas and aqueous
(bio-oil) constitute hydroxy acids, soluble catechol, C2–C6 sugar, H2, and oligomers by catalytic
conversion produce biofuels, for instance, CH4 and bioethanol, to address environmental problems [185].
Due to its recalcitrant characteristics, pretreatment via different methods and materials is necessary for
LCB. The adopted pretreatment techniques are fragmentation, microwave radiation, sonication, spray
drying with gamma radiation, pyrolysis, acid hydrolysis, alkaline pretreatment, oxidation and ozonation,
treatment with ionic compounds or solvents, steam or CO2 explosion, and bacterial or enzymatic
treatment [186].

PBB, after pretreatment, can be pyrolyzed to produce biochar, bio-oil, and syngas or taken directly to the
fermentation or anaerobic digester for bioenergy generation. Subsequently, the residues can be pyrolyzed
after fermentation and AD to increase resource utilization efficiency. In batch reactors, pyrochar with a
high surface area, ash content, and potassium, calcium, and magnesium concentration was investigated
for in-situ biogas cleaning and upgrading. The CH4 output, bio-methanation rate constant, maximum CH4

production rate, and average CH4 content in the biogas all rose in comparison to the control digester,
with the biogas eventually reaching a CH4 concentration of over 90%. In addition, the digestate modified
with pyrochar included more nutrients than the unmodified one, making it even more appropriate for soil
applications [164]. These findings imply that the direct interspecies electron transfer between the bacteria
in the consortium may be improved by conductive materials, such as pyrochar in AD, thus enhancing the
process efficiency for bioenergy production.

Additionally, Doukeh et al. [187] studied the pyrolysis of digestate from AD. The result showed bio-oil
supersaturated with branched and linear aliphatic and aromatic hydrocarbon compounds with 2 or 3 methyl-
type substituents, phenols, and alcohols. In addition, phenolic compounds (e.g., lignin) were reported as
inhibitors to the fermentation and AD of LCB. Chavan et al. [188] developed the extraction of the lignin
by the presence of gallic acid to promote hydrolysis of the cellulose and hemicellulose to produce
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Figure 9: Diagram of pyrolysis, fermentation and AD viz-viz routes
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glucose to be fermented. The remaining residues are suitable for pyrolysis to avert fermentation and AD
costs. The pyrolysis makes optimum use of the residues, generating more bio-products like bio-oil,
biochar, and syngas to be applied in different ways. Both methods can also generate feedstock for
pyrolysis in digestate or residue to enhance net energy by increasing carbon ratio and generate biochar
applied in diverse fields (e.g., agriculture for advancing soil properties). In an environmental comparison
of banana waste valorization strategies under a biorefinery approach. Santiago et al. [31] reported that
bioethanol production from banana peels generates a solid waste flow that is managed in an AD plant,
obtaining biogas to be converted into energy and digestate, which is considered as a potential
biofertilizer. The drying of banana peels to lower their moisture content, heating the inflow stream prior
to fermentation, and subsequent distillation in the appropriate columns are the operations that have the
largest energy demands. Therefore, in order to improve the environmental profiles of various valorization
technologies, special attention should be paid to the use of renewable energy sources as opposed to
drawing energy directly from the national grid, optimizing energy requirements by reusing some internal
steam, or taking alternative drying methods into consideration.

5.1.4 Hydrothermal and Fermentation Integration
Another promising approach for handling wet biomass is SCWG. This is another HT processing

technology. However, an analysis of the SCWG design suggests that the feasibility of the process
depends on feed type and concentration. Clogging, plugging, and char formation are major problems in
the SCWG of biomass [108]. Different supercritical water (374oC and 22 MPa), subcritical water (100°
C–374oC, saturated steam to 22 MPa), and ambient liquid water (25°C–100oC and 0.1 MPa) are the
different HT operating temperatures and pressures [189]. Recent advances in combining HT with other
biological methods were also investigated [190]. Moreover, organic solvents have been used for lignin
dissolution, promoting the enzymatic activities of cellulose. The act of dissolving lignin via numerous
solvents via Hansen’s solubility technical constant was reported previously [191]. Furthermore, organic
solvents utilized in the HT pretreatment process are categorized as polar protic and polar aprotic,
depending on physiochemical characteristics. Fig. 10 shows different scenarios for routes by integrating
HT with fermentation. Soliman et al. [192] studied the integration of HT with fermentation by seaweed
biomass as a sustainable source for bioethanol production, where HT of macro-algal and fungal-
saccharification was suggested to optimize the generation of fermented sugars. The economic and
technological utilization of LCB to produce bioethanol was studied [193] via H2SO4 pretreatment and the
effect of enzymes in the saccharification process.

Many studies showed various kinds of products produced from HT due to the different operating
parameters. In addition, those outputs such as hydrochar, hydro-oil, and syngas can be used as an
additive or catalytically converted to maximize and stabilize the fermentation process, which leads to the
high yield of biofuel generation. Hydro-char as an additive can stabilize the fermentation process by
increasing microbial activity in the system and promoting resource recovery [194]. The HTG can produce
syngas, which is catalyzed to produce bioenergy. Pardo-Planas et al. [195] recommend that the
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Figure 10: Diagram of coupled hydrothermal with bio-fermentation routes
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fermentation of syngas can generate a higher bioethanol yield than biochemical treatment techniques.
Supposedly, it is operated under medium pressure and temperature with no need for enzymes and costly
pretreatment. Furthermore, rich H2 syngas materials can be used directly as additives in the fermentation
process [196]. The H2 present in the syngas can react with C and CO, enhancing bioenergy production.
In order to produce H2, the economics of employing sewage sludge biomass as a feedstock for SCWG-
HTG were examined. If earnings from the disposal of sewage sludge biomass were not taken into
account, the cost of producing H2 was around 35.2 € GJ−1, which was much higher than the price of H2

produced through electrolysis (26.82 € GJ−1) [108].

6 Insight and Future Perspectives

Currently, many authors focus on new alternative bio-energy sources that are renewable and eco-friendly
to solve severe fuel challenges and lessen the contaminant effects on the ecological system. The LCB
contained in PBB, as a new source for bio-fuel production, has gained much potential in promoting
sustainable techniques for energy generation. The biochemical conversion of LCB to produce the second
generation of bio-ethanol comes as a solution to the high demand for fuels. It reduces GHG emissions,
which are considered the leading cause of global warming. Pretreatment of LCB in PBB has to be
seriously examined. For example, lignin extraction from PBB can be investigated in the future, as it can
lead to bioprocess failure due to its non-degradable properties. The use of chemicals and enzymes in the
hydrolysis process to optimize the high yield production of fermented sugar must be investigated.

It was shown that SHF is a promising route for the fermentation process over SSF in bioethanol
production, owing to the difference in temperature range during their operation. It is expensive and can
lead to the rise of inhibitors during the process. Future studies must advance the SSF process, making it
cost-effective and with fewer inhibitors developed. The sugar produced can be fermented directly,
promoting bio-ethanol production. SSF methods are compelling and exciting due to their ability to
ferment glucose and pentose. Research still has to be conducted to find the micro-organism that can
ferment both sugars simultaneously for sustainability and simplification of the process, which allows the
utilization of all sugars present in the reactor by unique micro-organisms. The monitoring biosensor also
has to be observed to control and harmonize the process so it remains at the optimum level.

Recently, the fermentation of pentose sugar has been studied, but its challenges and optimization
technologies remain unsolved. The impact of hydrochar and biochar on the fermentation process must be
investigated. The effectiveness of the bio-oil and hydro-oil has to be examined before insertion into the
AD of the fermentation process to avert oil toxicity and optimize the process. The integration
arrangement of the treatment techniques has to be investigated for optimal bio-energy production and
resource recovery.

This review shows the hypothetical routes by integrating distinct treatment directions to optimize biofuel
production and associated digestate/residues treated to maximize resource recuperation. Comprehensive and
intensive techno-economic designs from scientists and engineers are vital for appraising the practical
applications of the proposed integrated technological routes for PBB valorization and biofuel recovery.

7 Conclusion

PAB generates a large amount of waste during harvesting and industrial processing that is used in
various recovery processes, such as biofuels, waste water treatment, organic fertilizers, and the production
of bioplastics focused on implementing a circular economy. In this review, the waste-to-energy
technologies that are potentially applicable to PBB industrialization were highlighted. Different
integration routes of pyrolysis, incineration, AD, fermentation, HTC, HTL, and HTG for the valorization
of the PBB were proposed. Generally, the integration of both biochemical and thermo-chemical
conversion technologies can positively generate net energy if the processes do not require additional fuel
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input, heat, or energy. PBB can be on positive net energy balance through direct thermo-chemical
conversions when the substrate has had prior drying before thermal degradation since there will be a
correlation between moisture content and energy yield. The application of the HTC, HTL, and HTG can
offer superior product yield compared to pyrolysis and incineration at the downstream due to the
associated challenges of PBB’s high moisture content. PBB valorization with AD and fermentation
equally stood out as a feasible waste-to-energy technology at the downstream integrated section since
they offer energy in the form of biogas, digestate as a cheap source of nutrient-rich plant biofertilizer, and
bioethanol. However, it is clear that these integrated proposed approaches for PBB valorization require
pilot-scale investigations and industrial implementation, indicating the necessity for additional studies on
larger-scale applications. In order to add value to the PBB in a circular economy through integrated
routes highlighted in this review. It is suggested to take into account a comprehensive and intense techno-
economic design.
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