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Abstract: With the global population continuing to increase, the demand for food and energy has
escalated, resulting in severe environmental pressures. Traditional methods of food and energy
production have left a significant footprint on the environment, primarily due to the emission of
greenhouse gases and a notable surge in waste production. Nevertheless, scientists have recently
focused on developing sustainable solutions by managing biomass waste and converting it into
useful products. Various biomass conversion technologies, including pyrolysis, gasification, and
fermentation, have emerged to transform waste materials into valuable commodities like biofuels,
fertilizers, and chemicals. These technologies present an alternative to conventional energy pro-
duction methods and decrease reliance on non-renewable resources. Furthermore, the by-products
generated through biomass conversion, such as biochar, possess utility as valuable soil amendments.
This review emphasizes the potential of biomass conversion technologies in providing sustainable
solutions for waste management, food and energy production, and reducing negative environmental
impacts while providing valuable by-products for agricultural use. The focus is on Lebanon, which
is facing a waste and energy crisis, with an aim to encourage and promote sustainable practices by
highlighting different green waste management technologies. Focusing on the application of biochar
in soil, our goal is to provide cost-effective and eco-friendly solutions to various agricultural and
environmental challenges in Lebanon. This includes using biochar from biomass waste as a soil
amendment to boost crop yields, remediate soil pollution, reduce soil drought stress, and address
other related issues.

Keywords: biomass; valorization; conversion; environment; waste management; soil amendment

1. Introduction

The global population growth rate is increasing dramatically. The current global
population has surpassed three times its mid-20th century figure, according to the United
Nations. Presently, there are approximately 8 billion people worldwide, with projections
indicating continued growth in the coming years. Projections suggest that the global
population will reach approximately 9 billion by 2037 and expand to around 10 billion
by 2058 [1].

The expansion of the world’s population can be attributed to various factors, includ-
ing improved healthcare, sanitation, and nutrition, leading to reduced infant and child
mortality rates, thus enabling more individuals to reach reproductive age and contribute to
population growth. Additionally, factors such as increased life expectancy, urbanization,
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and elevated migration rates have also played significant roles in this global demographic
phenomenon [2]. The need for food and energy is rising correspondingly, and thus the agri-
food sector and food production are growing to provide food security for all populations.
Figure 1 represents the worldwide vegetable production volumes in million kilograms
in 2014-2026; the graph shows clearly the increase in production over the years with an
estimation for more increase. As the future demand for food is expected to be higher, larger
areas of crop cultivation and yields will increase as well [3].
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Figure 1. Worldwide vegetable production volumes in million kilograms, 20142026 [4].

It is no secret that agriculture is an invaluable part of the global economy, whether it
is to provide food for the population, or to produce raw materials for non-food purposes,
regardless of the economy of the country. Economic expansion depends significantly on
agriculture: comprising approximately 30% of the global gross domestic product (GDP) in
some of the least developed nations [5]. Furthermore, meeting the food demands of the
rising population will require a 51% increase in food production, as per predictions [6].

Water, food, and energy are interlinked focal points for promoting sustainable devel-
opment, with increasing demands for each of them. However, food production significantly
contributes to environmental pollution through its various stages, from production to mar-
keting. In 2015, food production emissions accounted for 34% of the total greenhouse gas
(GHG) emissions globally, reaching 18 Gt CO,eq per year [7]. Animal products’ production,
including animal feed production, represents 29% of the water footprint of the world-
wide agricultural sector, and it occupies 80% of all agricultural land. Figure 2 represents
CO; emissions for selected broad food categories, with meat products having the highest
emissions. Agriculture also leads to species loss, habitat loss, and ocean and freshwater
eutrophication. The impact of food production on the environment is substantial, and it is
imperative to address it to meet our climate targets [8-10].
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Figure 2. CO, emissions for variety of food categories [11].

Owing to the critical role of nitrogen supply in enhancing plant growth, crop yield, and
quality, as well as improving the nutritional content of plant-based food products for both
animal and human consumption, the utilization of nitrogen-containing chemical fertilizers
has seen a notable rise. However, this has raised environmental concerns as volatile
losses such as ammonia (NH3) or nitrous oxide threaten air, soil, and water quality, global
ecosystems, and climate change. Consequently, it was approximated that synthetic nitrogen
fertilizers accounted for 12% of the yearly average of 5180 million tons of greenhouse gas
emissions linked to agriculture between 2010 and 2014 [12,13].

According to Ishangulyyev et al. (2019), approximately one third of the global food
production is lost or wasted [14]. Kojima and Ishikawa (2013) also found that food waste
and loss have detrimental environmental effects through landfill decomposition and green-
house emissions from open-air burning [15]. Landfilling and burning are still the most
common waste disposal methods.

Unless waste food is upgraded, bioconverted, or reutilized, it represents a loss of
valuable biomass and nutrients. Nonetheless, the escalating energy consumption is another
significant requirement accompanying the growth of the population, alongside the demand
for food. Energy consumption globally has experienced a significant increase over the past
few decades, with usage surging from 8588.9 million tons (Mtoe) in 1995 to 13,147.3 Mtoe
in 2015 [16].

Fossil fuels currently provide the majority of the world’s energy, representing 80%
of the global consumption, and this demand is expected to increase by 48% in the next
two decades due to population growth. The oil and gas sector encounters a substantial
challenge in fulfilling this increasing demand. While fossil fuels are cheap and widely
available, they have a significant environmental impact, contributing to global warming.
To tackle this issue, there is a necessity for the advancement of environmentally friendly
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and sustainable energy solutions, like biofuels, derived from renewable biomass waste,
with the potential to diminish greenhouse gas emissions [17-19].

Biomass waste conversion via green technologies enables the problem of energy
demand and organic waste management to be solved (Figure 3).
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Figure 3. Biomass conversion into higher value products.

This review article aims to present green solutions to address various challenges
related to population growth, such as the increasing demand for food and energy. These
industries exert a notable environmental footprint, including the emission of pollutants
and the generation of waste materials. In response, the article provides an overview of
different green technologies, including biomass conversion technologies, as solutions for
green energy production and biomass waste management.

It is worth highlighting the growing attention towards biomass conversion technolo-
gies and their practical uses. A striking illustration of this trend is the substantial number of
publications, nearly 494,922 in total between 2003 and 2022, as depicted in Figure 4. In 2003,
there were approximately 4035 publications, whereas, by 2022, this figure had surged to
71,222 publications, marking a remarkable increase of about 1664.8%. This data under-
scores the escalating interest in this field, which holds particular relevance for Lebanon.
The country is grappling with significant challenges in both clean energy production and
waste management. The review aims to promote green solutions for these challenges and
generate interest in the application of biomass conversion technologies, such as pyrolysis,
for sustainable practices in Lebanon and beyond.
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Figure 4. Representation of the number of published publications (Key words: Biomass conversion
technologies AND their applications) in each year, with a total of 494,922 publications between 2003
and 2022. Data generated using Dimensions.ai search engine and plotted using Origin software (v.10).

Overall, this article’s primary objective is to concentrate on the utilization of pyrolysis
and its application in enhancing soil quality using the abundant biomass waste resources
found in Lebanon. Simultaneously, it aims to offer insights into diverse eco-friendly
technologies and their possible uses. These endeavors are geared towards fostering sus-
tainable practices and mitigating the adverse environmental consequences associated with
human activities.

2. Biomass Waste

Biomass is defined as organic matter originating from living plants that can be naturally
replenished or renewed. Pang (2016) reported that the fundamental components comprising
the structural composition of biomass include cellulose, hemicellulose, and lignin [20].
Biomass waste is challenging to quantify due to its diverse and dynamic waste streams
and the lack of consistent data collection methods. It consists of lignocellulosic and food
materials, which vary in composition and quantity based on geographical location; climate;
and economic and social conditions. Roughly 50% of global waste is organic and can be
considered biomass [21].

However, biomass waste is rapidly increasing and generates approximately 140 Gt
of waste globally each year as per reports, causing significant disposal and governance
issues [22].

Moreover, managing biomass waste sustainably is crucial due to its significant envi-
ronmental and economic impacts. The burning or disposing of biomass waste in the field
or landfills has low efficiency and causes severe environmental pollution. Thus, finding
sustainable ways to manage biomass waste is gaining interest [23]. Figure 5 represents
an estimation of the quantity of waste burned by country, where these quantities are the
highest in some part of Asia (China and India).
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Figure 5. Estimated quantity of waste burned by country, residentially (A) and in dumps (B) Reprinted
with permission from Ref. [24]. Copyright 2014, American Chemical Society.

The presence of landfills gives rise to environmental concerns, primarily because they
can lead to the contamination of surface and groundwater through leachate. Additionally,
landfills generate greenhouse gas emissions during the decomposition of organic waste,
which poses risks to air quality, human well-being, and plays a role in exacerbating climate
change. Nevertheless, biomass has served as a fuel source for centuries, and while its
combustion can result in the emission of pollutants, notably greenhouse gases, with CO,
being the predominant component (as illustrated in Figure 6), there exists the potential for
its transformation into biofuels via thermochemical methods. These processes present a
more environmentally sustainable substitute for fossil fuels [25-28].
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Figure 6. Worldwide contributions of biomass burning emissions products [29].
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Spotlight on Lebanon

Lebanon is a small nation situated in the Eastern Mediterranean, encompassing a total
land area of 10,452 square kilometers. Its population has reached about 6 million people [30].
Lebanon heavily relies on fossil fuels for its energy needs, with fuel oil generating 95% of its
electricity. Despite private generators contributing a third of the total electricity production,
the country is plagued by electricity shortages due to aging infrastructure, inadequate
investment, and limited resources. Unfortunately, the high fuel consumption has led to
environmental degradation and air pollution. In 2018, the primary energy supply was
8.57 Mtoe, mostly from oil and natural gas for Lebanon [31-33].

Looking at the situation from another angle, energy crops emerge as a potential so-
lution to Lebanon’s energy crisis, capitalizing on its abundant agricultural land, which is
well-suited for bioenergy production. However, it is crucial to emphasize that the culti-
vation of energy crops can potentially lead to adverse impacts on groundwater resources,
both in terms of availability and quality [34]. This issue becomes particularly worrisome
in Lebanon, a country already exceptionally vulnerable to the consequences of climate
change and ongoing droughts. Consequently, the pursuit of alternative solutions remains a
pressing and ongoing priority.

However, in addition to the energy crisis, Lebanon is also experiencing a waste
crisis, causing environmental and economic issues due to the lack of a sustainable waste
management plan. Despite spending an average of $420 million per year on solid waste
management, Lebanon’s waste management strategy, according to Human Rights Watch,
is not sustainable and significantly more expensive than that of other countries such as
Jordan and Tunisia, which invest between $48 and $54 million per year in this issue.

Lebanon generates over 2.04 million tons of municipal solid waste per year, with
organic waste being the largest fraction, at more than 52%. This is due to the growth of
the food industry and the culture of overconsumption. Additionally, dry and wet waste
generated by the processing industry presents challenges in terms of storage, transportation,
and processing [35,36].

Also, Lebanon is known for its wide variety of crops, which result in a diversity of
biomass. The total cultivated area is 277,169 ha out of which 58,600 ha of olive trees, 77,100 ha
of other fruit trees, 69,600 ha of cereals, and 41,700 ha of vegetable crops [37]. Given that
biomass is a renewable energy source and considering Lebanon’s energy crisis and abundance
of diverse biomass waste, it prompts us to consider optimal ways to utilize these wastes for
energy and biomaterial production.

3. Biomass Conversion Technologies

Addressing the need for a sustainable resolution to manage the increasing volume
of biomass waste generated by the agri-food industry has stood as a key research focus
for scholars over recent decades [38]. Biomass waste management and conversion are
becoming increasingly popular due to the negative impact biomass waste has on the
economy, the environment, and human health. However, recent research has shown that
biomass waste can be converted into valuable resources with high efficiency and low
cost, which can save money and conserve natural resources [39]. Biomass conversion is
the process of converting organic matter from biomass into usable forms of energy and
high-value products.

Biomass can be converted into several useful forms of energy and biochemicals using
different processes and technologies [40,41]. Broadly, biomass conversion technologies
fall into two categories: biochemical and thermochemical [42]. The selection of a specific
conversion technology is influenced by several variables, including the type of feedstock
and its moisture content, as well as the quality and quantity of biomass feedstock, its
availability, the desired end products, economic considerations like profitability and market
accessibility, and environmental considerations [43]. Rosendahl, L. (2010) explains that
biomasses are also classified according to their water content when used for energy pur-
poses [44]. Therefore, high-moisture biomass would not be appropriate for technologies
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that require prior drying, but instead would be appropriate for technologies that benefit
from water content.

3.1. Biochemical Conversion

According to C. William et al. (2020), biochemical conversion is described as the
process of converting biomass using enzymes from bacteria or other microorganisms to
transform biomass into gaseous or liquid fuels, such as biogas or bioethanol [45]. This trans-
formation occurs through anaerobic digestion, fermentation, or composting processes.
Hydrogen, biogas, ethanol, acetone, butanol, and organic acids can be produced from
biomass by selecting different microorganisms in the process of biochemical conversion as
reported by Chen and wang (2016) [46]. By choosing different microorganisms, two types
of butanediol can be produced, including 2,3butanediol, 1,4butanediol, isobutanol, xylitol,
mannitol, and xanthan gum [47].

3.1.1. Anaerobic Digestion

Anaerobic digestion (AD), as detailed by Kumar and Ankaram (2019), is a method
that transforms organic substances in an environment devoid of oxygen [48]. This process
leads to the production of methane-rich biogas and involves a sequence of interrelated
stages, including hydrolysis, fermentation, acetogenesis, and methanogenesis, as outlined
by Sangeetha et al. (2020) [49]. During AD, microbes break down the organic components
of waste to produce biogas that is composed of 40-65% methane (CHy), 35-55% CO,, and
other trace gases like hydrogen (H) and H,S. Additionally, the process yields a nutrient-
rich residue known as digestate, which can be used as a soil conditioner or source of C,
N, and P, as reported by Ghosh et al. (2020) and Wang and Lee (2021) [50,51]. The biogas
generated can be used directly for heat and energy generation or upgraded into fuels and
other value-added products, as reported by Ge et al. (2014) and Xu et al. (2018) [52,53].
However, the AD process has limitations such as its slow process, the foul odor release,
and the lack of quality of digestate which makes it unsuitable for agricultural use.

3.1.2. Fermentation

According to Patra, D et al. (2022), fermentation is the process by which microorgan-
isms (yeast or bacteria) convert biomolecules (glucose) into alcohol or acid under anaerobic
conditions [54]. These products can yield fuels and various industrial bioproducts. Food
and agricultural waste comprise a variety of sugars, with some being readily fermentable
into ethanol and other products, while others, like cellulose, hemicellulose, starch, and
protein, require additional processing before fermentation can commence. Conventional
ethanol fermentation typically occurs within a temperature range below 35 °C, as indicated
by Galbe and colleagues in their 2011 study [55].

Fermentation Products

The process of microbial fermentation converts sugars produced from biomass waste
such as lignocellulosic waste, as explained by A.K. Chandel and co-authors in 2018 [56]:

Biofuels like ethanol (the most prevalent), butanol, acetone, iso-butanol, lipids, and more.
Organic acids such as lactic acid.

Carbon dioxide.

Hydrogen gas (Hj).

Ethanol production involves distillation and dehydration to increase the concentration
of alcohol and achieve the necessary purity for use as a fuel for vehicles. The solid by-
product resulting from fermentation, as exemplified in the case of sugar cane, can serve as
livestock feed. Additionally, by-products like bagasse can be utilized as fuel for boilers or
further processed through gasification [57].
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Fermentation Feedstocks

The range of fermentation feedstocks for ethanol production is extensive and includes
a variety of options. Among the most prevalent choices are cereal grains, sugar cane, and
sugar beets, collectively known as first-generation feedstocks. However, due to concerns
about food sustainability, lignocellulosic feedstocks, considered as a second-generation
feedstock, have been developed as an alternative to overcome the limitations of first-
generation bioethanol, as reported by Rodionova et al. (2022), and algal biomass as a third-
generation feedstock, as reported by Timothy J. Tse et al. (2021) [58,59]. Lignocellulosic
biomass, as highlighted by Wu et al. (2020), generally comprises cellulose (40-60%),
hemicellulose (10-40%), and lignin (15-30%) [60]. Extracting sugars from these feedstocks
for ethanol production is more challenging. Nevertheless, when compared to starch-
and sugar-based feedstocks, cellulosic feedstocks offer a range of advantages, as stated by
Kumar et al. (2012) and Youngs and Somerville (2012) [61,62]. These materials are abundant
in agricultural countries, making them affordable and readily available for industrial-level
plants. Moreover, since cellulosic feedstocks are not used for human consumption, they do
not compete with the food supply.

Limitations of Fermentation

There are several challenges that restrict the use of fermentation, as reported by Sindhu
et al. (2016) [63] such as

e  Challenges in the process of deconstructing lignocellulosic biomass into functional
components like sugars and lignin.

e  The need for energy-intensive pretreatment processes to separate the complex biomass
into its individual components.

e A significant proportion of the cost of processing lignocellulosic biomass for energy
production comes from the pretreatment step, which can be more than 40%.

Extensive efforts have been made to develop new technologies that are efficient,
cost-effective, and environmentally friendly for various types of biomasses, including lig-
nocellulosic biomass. Noteworthy progress has been made in this field in the past decade,
such as the use of specialized microorganisms or enzymes, the optimization of fermen-
tation conditions, co-culturing different microorganisms, and the genetic modification of
microorganisms, which are aimed at overcoming the limitations of lignocellulosic biomass
fermentation. These methods can be employed collectively to improve the effectiveness of
fermenting lignocellulosic biomass. However, despite these advancements, there are still
significant gaps between novel findings and practical applications. For instance, attempts
to integrate a pretreatment such as facilitating the efficient breakdown of biomass by en-
hancing the permeability and surface area availability of polysaccharides for enzymatic
hydrolysis, hydrolysis, and fermentation processes into a single, more efficient step have
not yet been widely implemented in the industry. Further efforts are required to bridge the
gap between groundbreaking research and the real-world implementation of cost-effective
and eco-friendly technologies for biomass conversion [64,65].

Table 1 shows the general comparison between anaerobic digestion and fermentation,
in which it appears that the difference lies in the final product and its application.

Table 1. A general comparison of AD and fermentation [66].

Anaerobic Digestion Fermentation
Organic MSW and agricultural waste are the most Organic MSW and agricultural waste are the most
suitable as feedstock suitable as feedstock
Process occurs in the absence of oxygen Process occurs in the absence of oxygen

Final products: acid or alcohol (ethanol, lactic acid,

Final products: methane and digestate etc.) and a nutrient-rich residue

Bioethanol can be used as clean fuel for

The biogas can be used to produce heat or electricity fransportation
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3.1.3. Composting

Composting comprises only 5.5% of the total waste treatment methods used globally,
while open dumping comprises the largest share, of 33% (Figure 7) [67].

03%

13.5%

5.5% 339%

= Others Open dump = Sanitary landfill u Landfill

= Controlled landfill = Incineration Composting Recycling

Figure 7. Share of the different waste management options in the global treatment and disposal of
waste (%) [67].

A study conducted by Mazza et al. in 2020 revealed that, in Lebanon, 8% of municipal
solid waste (MSW) was recycled, 9% was composted, 51% was landfilled, and 32% was
sent to open dumps in 2010 [68].

The study also found that over 52% of the waste in Lebanese bins is organic, and
roughly 30% of the total mixed MSW can be diverted and transformed into a biologically
stabilized material [68]. Additionally, the study reports that there was a total of 16 compost-
ing plants in Lebanon in 2014, with four under construction, three constructed, and nine
operational. The study also notes that composting primarily takes place at the Coral plant.

Figure 8 represents the weakness and the strength of composting in addition to the
threats and opportunities. In brief, composting can be a good practice to reduce organic
waste but it requires a lot of standards to be followed during the process to avoid having
low quality products or causing any harm during the process.

‘ § l STRENGTHS

+ Reduces the amount of organic waste going to
landfills.

* Produces a nutrient-rich soil amendment that can
MP I IN improve soil structure, water retention, and plant

growth.

W WEAKNESSES

Composting mixed MSW has had high operational costs
and the compost produced has only limited uses.
Composting may not completely eliminate all pathogens
and weed seeds in the finished compost, which may
require additional treatment or precautions before use.

OPPORTUNITIES

+ Composting can provide a source of locally-produced,
sustainable soil amendments for agriculture and gardening.

« Composting can help to address food waste and organic
waste it in both loped and
developing countries.

THREATS

+ Poorly managed composting can create unpleasant odors &
attract pests.

» Composting may not be able to handle certain types of
organic waste, such as contaminated or hazardous
materials, which can create safety and environmental risks.

Figure 8. Strengths and weaknesses of composting according to keener (2010) [69].
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3.2. Thermochemical Conversion:

Thermochemical processing employs controlled heating or oxidation to convert biomass
into energy and chemical products. This approach presents various benefits compared to
conventional methods, such as diminished greenhouse gas emissions and the capacity to
generate electricity independently of an external power source, as noted by Mahinpey and
Gomez (2016) [70]. The process involves elevated temperatures ranging from 300 to 1300 °C,
the utilization of cost-effective and recyclable catalysts, rapid reaction rates, short reaction
durations, and adaptability regarding feedstock composition and structure. Additionally,
thermochemical conversion is not affected by the recalcitrance of biomass [71]. A variety
of biomass waste materials, including food waste, agricultural residues, algae, forestry
residues, and more, can be employed as suitable feedstocks for thermochemical conversion.
Nevertheless, the selection of the thermochemical process hinges on the moisture content of
the biomass waste. Therefore, there are two main categories of thermochemical conversion:
dry (not aqueous) techniques and hydrothermal techniques. In dry thermochemical conver-
sion, as the temperature increases, the biomass primarily undergoes structural destruction,
decomposing into condensable vapors and gaseous molecules. In contrast, hydrothermal
techniques produce a solid product at mild conditions (below 280 °C and self-generating
pressure) [72].

Three primary pathways for thermochemical conversion are combustion, gasifica-
tion, and pyrolysis, in addition to hydrothermal treatment (HTT) such as hydrothermal
carbonization, liquefaction, and gasification [73,74].

3.2.1. Direct Combustion

Combustion converts biomass into heat, water, and carbon dioxide through an exother-
mic reaction in the presence of oxygen in open air or excess air. This process, one of the
earliest uses of biomass conversion, involves the hydrocarbons in biomass and oxygen
reacting together. However, improper oxygen quality can lead to incomplete combustion,
releasing pollutants such as CO, NOx, SO,, and particulate matter into the atmosphere [75].

In the process of combustion, a solid fuel particle is introduced into a high-temperature
environment, in which it undergoes drying and devolatilization, ultimately forming a
residual char. Subsequently, this residual char is oxidized by substances like O,, CO,,
and H,O, leaving behind an ash residue, as discussed by Hupa, M. et al. (2017) [76].
Typically, direct combustion takes place in a furnace, steam turbine, or boiler, within a
temperature range spanning from 800 to 1000 °C. This method is particularly suitable for
biomass materials with a low moisture content (below 50%), as outlined by Lam, M. K et al.
(2019) [77].

3.2.2. Gasification

As per the insights provided by AlNouss et al. (2019), biomass gasification (BG) is
a transformative process that turns biomass into valuable products, including biofuels,
biochar, syngas, power, heat, and fertilizer [78]. Simultaneously, it contributes to reducing
the necessity for environmentally harmful waste disposal methods. This technology em-
ploys a controlled process that involves heat, steam, and oxygen to convert biomass into
hydrogen and other products while employing a gasifying agent, which can be air, oxygen,
steam, carbon dioxide, or a combination of these. The choice of gasifying agent impacts
the heat content of the resulting syngas. For gasification, the optimal moisture content for
biomass falls within the range of 10% to 15% according to Gao et al., 2023 [79].

Sikarwar and Zhao (2017) also highlight how biomass gasification alters the carbon-
to-hydrogen mass ratio, resulting in a higher hydrogen fraction and an increased calorific
value in the produced gaseous product [80]. However, it is important to note that while
biomass gasification holds the potential to generate a fuel gas suitable for power generation
or synthesis gas applications, the volatile components in biomass often contain tar, which is
a complex mixture of aromatics, as discussed by Tasaka et al. (2006) [81]. Figure 9 provides
an overview of the advantages and disadvantages associated with biomass gasification.
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Figure 9. Advantages and disadvantages of biomass gasification according to Walling et al.
(2019) [82].

3.2.3. Pyrolysis

Pyrolysis is a process that subjects molecules to high temperatures within an oxygen-
free environment, causing chemical decomposition and the formation of smaller molecules,
as elucidated by Palmer (2013) [83]. The thermal breakdown of biomass via pyrolysis is a
complex phenomenon involving a range of reactions, including dehydration, isomerization,
dehydrogenation, aromatization, charring, and oxidation, as discussed by Rasul et al.
(2012) [84]. These reactions give rise to various products, including steam, carbon oxides,
aliphatic and aromatic hydrocarbons, pitch (tar), polymers, hydrogen, and coal, as indicated
by Saravanan et al. (2021) [85]. These products are categorized as biochar, bio-oil, and
biogas/syngas.

In comparison to other thermochemical methods like gasification, combustion, and
liquefaction, pyrolysis distinguishes itself by its lower energy requirements, greater energy
recovery, and a diverse range of output products, as highlighted by Angin et al. (2013) [86].
The characteristics of pyrolysis products heavily depend on process parameters such as
temperature, heating rate, residence time, and the size and nature of the biomass particles,
as explained by Egbosiuba (2022) [87]. Table 2 illustrates the distinct characteristics of gas
mixtures obtained through conventional pyrolysis from various biomass sources. Notably,
different types of biomass lead to variations in gas mixture characteristics, particularly in
terms of calorific value.

Additionally, pyrolysis can be categorized into two main types, slow and fast pyrolysis,
determined by the temperature and heating rate applied, as noted by Hu et al. (2021) [88].
Slow pyrolysis excels in biochar production (Table 3), while fast pyrolysis is tailored for
bio-o0il production [89,90]. Consequently, the intended outcome of the process plays a
pivotal role in selecting the appropriate type of pyrolysis. Figure 10 illustrates how the
pyrolysis temperature significantly influences the yields of different pyrolysis products.
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Table 2. Characteristics of gas mixture which were obtained by method of conventional pyrolysis
from different types of biomasses [91].

Raw Material Wood Peat ?—It;asvlz Su;iilt(;;ver CSI;LC;(;: Sewage
Calorific value * Qn 13.2 10.5 9.1 7.9 7.8 11.1
(MJ/kg) Q 12.0 9.5 8.2 7.2 7.2 9.9
Degree of energy conversion ** 0.18 0.16 0.14 0.16 0.14 0.13
Adiabatic temperature of combustion (°C) 1860 1730 1720 1640 1710 1770

* Qy = heat rejected to high T°C medium; Q; = heat input from low T°C medium. ** “Degree of energy conversion”
is the efficiency of transforming one type of energy into another.

Table 3. Operating conditions and main products in pyrolysis types [92].

Residence Time Heating Rate Temperature Main Products
Slow Days Very show 400 °C Char
Conventional 5-30 min 20-100 °C/min 450-650 °C Liquid, gas, char
Fast 05-5s 1000 °C/s 450-650 °C Liquid
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Figure 10. Relative amount of the end constituents during pyrolysis process of biomass at different

temperatures [93].

Figure 11 depicts the advantages and disadvantages, as well as the opportunities and
challenges associated with pyrolysis for biomass treatment. In summary, pyrolysis is a
promising approach for converting organic waste into more valuable products. However,
it still presents initial cost challenges.
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Figure 11. Pyrolysis strengths and weakness according to Jha, S. et al., 2020 [94].

3.2.4. Hydrothermal Carbonization

Kumar and Ankaram (2019) explain hydrothermal carbonization (HTC) as a thermo-
chemical process that uses hot, compressed water to pretreat biomass with a high moisture
percentage (75-90%) [48]. In this procedure, the temperature typically falls within the range
of 180-280 °C, while the pressure is maintained between 2-6 MPa, with a duration spanning
from 5 to 240 min, as noted by Arellano et al. (2016) [95]. In addition to being able to process
biomass with a high moisture content without predrying, HTC also has low carbonization
temperatures (180-350 °C), and it can minimize air pollution by dissolving nitrogen oxides
and sulfur oxides in water [96]. Figure 12 summarizes the biomass conversion technologies
that were mentioned in this section and Table 4 summarize the major difference between
thermochemical and biochemical conversion.

Table 4. A general comparison of thermochemical and biochemical processes [97].

Thermochemical Biochemical

Effectively applied to almost any biomass feedstock Involves the use of microbes, enzymes, and/or chemicals

No pretreatment

Pretreatment is essential

Relatively higher productivity due to completely chemical

nature of reaction

Productivity is limited due to biological conversion

Multiple high-value products possible using fractional Normally limited to one or few products and would require
separation of products additional microbes, enzymes for more products

Independent of climatic conditions Mostly susceptible to ambient temperature, anaerobic digester
Complete utilization of waste/biomass Production of secondary wastes such as biomass sludge

Less reaction time

High reaction time
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Figure 12. Biomass conversion technologies.

To sum up, the decision between biomass conversion technologies, whether it is bio-
chemical conversion or thermal conversion, hinges on several factors such as the intended
use, logistical considerations, and the availability of specific biomass resources. Each
situation presents its distinct set of pros and cons that need to be taken into account.

4. Hydrochar and Biochar

Subcritical water activates the hydrochar production process by carbonizing it hy-
drothermally at temperatures between 180 °C and 260 °C [98]. Apart from its distinct
physical, chemical, and biological properties, hydrochar exhibits characteristics such as
an elevated specific surface area and pore volume, greater mineral content, the capacity
to mitigate nitrogen oxide emissions, an enrichment of surface functional groups, and en-
hanced efficiency in fixing CO,, as highlighted by Sharma et al. (2021) [99]. The agronomic
and environmental benefits of biochar have sparked significant interest due to its porous
structure and tunable functionality [100]. Difference between hydrochar and biochar are
listed in Table 5.

Table 5. Difference between hydrochar and biochar [101].

Hydrochar Biochar
Temperature Low: 180-260 °C [98] High: between 300 °C and 1000 °C [102]
Residence time Short Long
Pressure High: 10-25 MPa [103] Low
Moisture content >10% <10%

Characteristics

Non porous—core shell, alkali rich surface Porous and aromatic rich surface

Low in fixed and total carbon content
Energy efficient process

High in fixed and total carbon content
High ash content

High HHV Low HHV

5. Application of Chars

Biochar is considered the principal product since its qualities allow it to be used as a
solid fuel; an adsorbent for extracting pollutants from water/wastewater streams, such as
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phosphorus from agricultural runoffs; and a soil amendment [104]. Adsorption for water
and air pollutants, activated carbon, anaerobic digestion promoter/catalyst, construction
material, agriculture and horticulture use such as soil conditioning, compost additive,
carbon sequestration, and so on, are all potential applications for biochar [105]. Because
we are more interested in biochar applications as soil amendments, we will go into this
application in further detail:

5.1. Yield Improvement

Several studies have shown that incorporating biochar into the soil can enhance
plant growth and increase yield. In a study, banana peel biochar was prepared at 400 °C
temperature for 2 h and was added to soil to grow plants. They found that adding 2% or
3% biochar to the soil helped the plants grow, but the difference was not significant enough
to be considered meaningful. They also found that the biochar was high in potassium [106].

Moreover, Choudhary et al. (2023) found that using biochar made from invasive weeds
in combination with inorganic fertilizers can improve the yield and quality of oats [107].
The biochar helped increase the plant height and number of tillers, as well as improve the
nutrient availability and soil water-holding capacity. This could provide a good strategy for
managing invasive weeds. Specifically, the study found that using 75% of regular fertilizer
and 10 tons of biochar per hectare resulted in an 8% increase in green fodder yield, a 7.8%
increase in dry fodder yield, a 6% increase in crude protein, and a reduction of 5.7% and 6%
in acid detergent fiber and neutral detergent fiber, respectively, when compared to using
only regular fertilizer.

As per a meta-analysis conducted by Ye et al. (2020), utilizing exclusively inorganic
fertilizers resulted in a 26% boost in yield [108]. In contrast, the combination of biochar and
inorganic fertilizers led to a more substantial 48% increase in yield when compared to the
scenario where no fertilizers were employed. These studies encompassed the utilization of
biochar produced within the temperature range of 400-550 °C.

Similarly, the research conducted by Frimpong et al. (2021) demonstrated that the
utilization of a blend of biochar and compost or biochar in conjunction with NPK enhanced
both soil nutrients and crop tissue nutrients [109]. They applied 10 tons of biochar per
hectare, which was abundant in carbon but relatively lacking in nutrients. The compost
employed was nutrient-rich and served as a readily available source of carbon. This com-
bination of biochar and compost resulted in a remarkable 75.3% increase in maize yields.
Figure 13 indicates that the highest levels of available phosphorus were observed in cases
where biochar was used in combination with compost and NPK (nitrogen, phosphorus
and potassium fertilizer mix), followed by instances where biochar and compost were
combined. This observation substantiates the assertion that adding biochar alongside other
amendments contributes to the enhancement of soil nutrient levels.
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Figure 13. Total organic carbon (%) and total nitrogen (%) contents in soils amended with biochar,
compost, and NPK, solely or in combination. BC: biochar, CM: compost, NPK: inorganic fertilizer [109].
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Furthermore, in their study, Knoblauch et al. (2021) observed that the application
of a single dose of biochar, derived from organic waste sourced from a biogas plant, at
a rate of 3.4 tons per hectare and heated to 650 °C, had a positive impact on corn yield.
After a two-year period, they noted a significant increase of 33-37% in the corn yield when
compared to control plots [110]. Additionally, their findings indicated that the biochar
application led to a reduction in the availability of potentially harmful trace elements such
as Zn, Pb, Cd, and Cr in the soil. Moreover, the study revealed that the application of
biochar resulted in an even more substantial increase in the yield of winter crops, with
gains ranging from 52-72%. However, it is worth noting that the positive effects of biochar
application diminished over time.

Another study found that lettuce plants grown in soil with biochar made from manure
at 550 °C for 1.5 h in a prototype pyrolysis kiln with a capacity of 15 kg had increased
biomass. The biochar was added to the topsoil (0-25 cm depth) at a rate of 5% before
planting, and the topsoil was made up of 52% sand, 21% silt, and 27% clay, with 0.6% total
organic matter, a pH of 8.74, and an electrical conductivity of 0.84 mS em 1 [111].

Joseph (2020) found that using biochar made from fresh dung in the soil increased soil
carbon, fruit yield, tree diameter, and height [112]. Trees planted with biochar had 18-26%
greater growth rates than the control, with an average tree diameter of 145.4 mm and tree
height of 3.7 m. The fruit count from the biochar row was 97% greater in 2018 (Figure 14).
The biochar was applied in two halves, with the first half applied at a depth of 500 mm and
a 250 mm layer of subsoil placed on the biochar.

300
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Figure 14. Average fruit yield count per tree as a function of year of picking [112].

Furthermore, a global meta-analysis has found that the application of biochar to soils
can lead to significant improvements in crop yields and reductions in pollution. Specific
studies conducted in the locations of Jokioinen, Qvidja, Viikki-1, and Viikki-2 in Finland
found that using biochar resulted in increases of 65% in crop yield and reductions of 43% in
greenhouse gas emissions. The use of spruce biochar in Qvidja also led to increases in plant
biomass, plant nitrogen uptake, and crop yield, as well as a reduction in nitrogen leaching.
This is attributed to the biochar’s high specific surface area, which allows it to retain
nitrogen in the soil, making it a more efficient and sustainable method of fertilization. The
specific soil types in these locations were Stagnosol, Cambisol, and Umbrisol, characterized
by poor drainage, a high organic matter content, and a good water-holding capacity,
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respectively. The biochar used in these experiments was produced by pyrolyzing chipped
forest residue at 450 °C and the application rate was 30 t ha~! with five replicates [113,114].

Therefore, from an economic standpoint, incorporating biochar as a soil amendment
under optimal conditions can enhance crop yields, subsequently boosting income for both
farmers and agribusinesses.

5.2. Nutrient Retention

Biochar possesses an extensive surface area, enabling it to effectively absorb and retain
essential nutrients like nitrogen, phosphorus, and potassium. As a result, it plays a role
in mitigating nutrient leaching, which occurs when these essential elements are washed
away from the soil due to rainfall or irrigation. This nutrient retention property of biochar
contributes to a reduction in the demand for fertilizers, which are not only costly but also
carry adverse environmental consequences.

The incorporation of biochar derived from pine tree waste, produced at 650 °C, into soil
has the capacity to enhance both the total carbon content and the availability of phosphorus
in the soil. In specific soil types, namely, sandy clay loam and clayey soils, the introduction
of biochar at a rate of 20 Mg per hectare resulted in an increase of 24.9-28.7 g per kilogram of
soil in total carbon, along with a rise of 43.9-79.5 mg per kg of soil in available phosphorus.
Additionally, when biochar is co-applied with NP fertilizer, it has the potential to improve
short-term phosphorus availability, as indicated in the research conducted by Romero et al.
(2021) [115].

Furthermore, in a study conducted by Wu et al. in 2012, they employed various
temperatures (300, 400, 500, 600, and 700 °C) and residence times (1, 2, 3, and 5 h) to create
biochar from rice straw [116]. The resulting biochar underwent comprehensive analysis
using a range of analytical techniques. The study’s findings revealed that the pyrolysis
temperature had a more pronounced impact on the chemical composition and structure of
the biochar compared to the residence time, particularly when produced at a low heating
rate. Biochar derived from rice straw and generated at 400 °C exhibited high alkalinity
and cation exchange capacity, in addition to notable levels of available phosphorus and
extractable cations. These characteristics indicate that biochar produced from rice straw
holds promise for applications as a fertilizer or soil amendment.

The objective of the research conducted by Zhang, M et al. (2021) was to investigate
the impact of incorporating biochar, which was produced by subjecting biomass to a
temperature of 550 °C for a duration of 2 h into soil, specifically in relation to the retention
of nitrogen fertilizer [117]. The study found that when compared to not adding biochar,
the application of biochar increased the retention rate of nitrogen fertilizer by a significant
amount, ranging from 49.84% to 95.23%. The results also showed that using higher rates
of biochar (2% and 4%) was even more effective in improving the retention of nitrogen
fertilizer. Additionally, the study observed that the utilization of biochar contributed to a
reduction in nitrogen loss from the soil. Without the application of biochar, the nitrogen
loss was observed to be 88.17%, while the application of biochar reduced the nitrogen loss
by 4.77% to 50.16%. This indicates that the addition of biochar can help to retain more
of the nitrogen fertilizer applied to the soil, leading to improved crop growth and yield.
In addition, it was found that adding Moutai lees biochar, a type of biochar that is produced
from the fermented residue (lees) of a traditional Chinese liquor called Moutai, to yellow
soil improves soil nutrition and microbial environment by increasing the total nitrogen and
nitrate contents but decreases the microbial biomass nitrogen content. The study found
that Moutai lees biochar at 4% is effective in increasing the nitrogen fertilizer retention rate
and decreasing the risk of nitrogen leaching losses in yellow soil. The study also revealed
that the application of biochar changes the bacterial community structure and the relative
abundance of nitrogen-related microorganisms in yellow soil [117].

Furthermore, a study by Tangmankongworakoon (2019) found that biochar made
from coffee residue (BCR) can be a useful material for soil amendment [118]. The biochar
was made by heating coffee residue at a temperature between 350-550 °C for 45 min using a
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biomass kiln. The study found that the BCR biochar had a pH of 9.9, electrical conductivity
of 1.66 dS/m, nitrogen ratio of 3.1, phosphorus ratio of 1, potassium ratio of 1.7, organic
matter ratio of 19.5, and C/N ratio of 28.9%. The study concluded that BCR can be used
not only as a source of fuel but also as a suitable material for soil amendment due to its
ability to improve nutrient absorption and reduce nutrient leaching, leading to improved
crop yields.

In conclusion, it can be affirmed that by enhancing nutrient retention, biochar con-
tributes to the reduction in nutrient leaching, thereby mitigating soil and groundwater
contamination from fertilizers. Simultaneously, it enhances nutrient availability to plants,
leading to a decreased requirement for fertilizers. This dual effect reflects both economic
and environmental benefits.

5.3. Water Retention

The impact of biochar on soil properties can vary depending on the soil’s texture.
Generally, it reduces bulk density (BD) by approximately 9%. However, its effect on the
water-holding capacity (FC and WP) is most pronounced in coarse-textured soils, where it
increases by 51% and 47%, respectively. In medium-textured soils, the increase is moderate,
at 13% for FC and 9% for WP. In fine-textured soils, the effect on the water-holding capacity
is minimal or slightly decreased. Furthermore, biochar substantially enhances the available
water (AW) in coarse-textured soils, surpassing the improvements observed in medium-
and fine-textured soils by 45%.

These findings suggest that biochar may offer greater advantages when applied to
coarse-textured soils. In summary, biochar has the potential to enhance soil properties,
with its effects varying based on soil texture. It generally reduces soil density, making it
less compact and more porous. Soil density indicates the degree of soil particle compaction,
with denser soils having less space for air and water movement. A reduction in soil density
provides more room for air and water to permeate, benefiting plant growth by enabling
deeper root penetration, improved access to water and nutrients, and enhanced water
infiltration and drainage [119].

5.4. Reduce Greenhouse Gases (GHG) Emissions

In a global meta-analysis, it was observed that the application of biochar to soils re-
sulted in a significant average reduction of 38% in soil N,O emissions. The study identified
that the application rate of biochar was the most influential variable in determining its
potential for mitigating emissions [120].

Another study has suggested that the utilization of orange peel biochar can serve
as an effective means for waste disposal, while simultaneously enhancing the fertility of
soil. The study found that applying 2% orange peel biochar made at 350 °C for 3 h to the
soil reduced greenhouse gas emissions by 59.2% for N,O and 29.3% for CO,. It was also
discovered that over time, the soil pH, organic carbon, nitrate nitrogen, and enzyme activity
increased [121].

Through its capacity to decrease greenhouse gas emissions, biochar emerges as a
technology capable of mitigating climate change and mitigating its adverse effects.

5.5. Reduce Heavy Metals Availability

Joseph and Pan (2018), in their meta-analysis, found that the addition of biochar
to soils resulted in a reduction in Cd, Pb, Cu, and Zn accumulation in plant tissues by
approximately 38%, 39%, 25%, and 17%, respectively [122]. This reduction was particularly
noticeable in coarse-textured soils. However, the impact of biochar on the uptake of heavy
metals by plants varied depending on factors such as soil characteristics, the type of biochar
used, plant species, and the type of contaminant. The study also revealed that the effect of
biochar on Pb uptake was highly sensitive to soil pH. Specifically, decreases of 40%, 44%,
and 20% in Pb uptake were observed in acidic, neutral, and alkaline soils, respectively.
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Table 6 provides an overview of the distribution of biochar feedstocks and the pyrolysis
rates derived from the studies analyzed.

Table 6. The distribution of biochar feedstocks and the rates of pyrolysis derived from the studies
under review are presented. The feedstock sources encompass a variety of materials, including
manure, crop residue, cobs, sludge, locusts, and shells [119].

Feedstock Percentage (in 174 Publications)
Wood 43.4
Straw 45.7
Others 10.9
Pyrolysis speed
Slow 79.2
Fast 20.8

Nonetheless, heavy metals do not constitute the sole category of pollutants that can be
addressed through remediation. There are other pollutants, such as organic contaminants,
in which biochar can serve as a remediation method. This applies to substances like
pesticides, pharmaceutical products, as well as industrial products including solvents and
additives. Research has shown that biochar is effective in combatting these pollutants.
When biochar is introduced into agricultural soils, it can diminish the mobility, transport,
and bioavailability of pesticides, while also reducing their microbial uptake. Furthermore,
it has the capacity to promote soil microbiota and enhance pesticide degradation, as
demonstrated by Ogura et al. (2021) [123]. In a study by Yang et al. (2010), the addition of
1% of biochar at 850 °C led to a 52% reduction in Chinese chive’s uptake of fipronil and an
81% reduction in chlorpyrifos uptake [124].

In summary, when biochar is added to soil, it enhances the soil fertility through
several mechanisms. It improves nutrient retention and increases the soil’s capacity to hold
water. These combined effects lead to healthier soil, better plant growth, and ultimately
higher agricultural yields. Furthermore, the use of biochar can contribute to mitigating
soil degradation and contamination and decreasing the reliance on synthetic fertilizers,
aligning with environmentally sustainable agricultural practices.

5.6. Carbon Sequestration

The adverse effects of climate change, driven primarily by the emission of greenhouse
gases like CO,, have significantly impacted agriculture by causing droughts and land
degradation. In response to this challenge, biochar has emerged as a promising tool for
carbon sequestration. Biochar effectively captures CO, from the atmosphere and stores it
in the soil. Subsequently, biochar serves as a valuable carbon source for the soil, playing a
pivotal role in promoting soil health and enhancing productivity.

By capturing carbon from the atmosphere, biochar serves as a carbon storage mecha-
nism. This process leads to an increase in soil organic carbon content, which is essential as
an energy source for soil microorganisms. These microorganisms, in turn, play a crucial
role in boosting plant growth and overall agricultural productivity.

In the study conducted by Yang et al. (2019), they observed a remarkable rise in the
soil organic carbon levels of up to 26.7% in paddy soil [125]. Additionally, there was a
substantial increase of up to 40.8% in the soil microbial biomass carbon. Moreover, Fawzy
et al. (2022) reported in their study that 1 ton of biochar can embody 2.68 tCO2e [126].

Therefore, in addition to its role as a soil amendment, which aids in retaining nutrients
and moisture, immobilizing pollutants, reducing emissions, and enhancing soil physical
health, biochar also plays a significant role in mitigating climate change (Figure 15).
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Figure 15. Biochar adsorbs heavy metals and toxic materials from soil.

Biochar and hydrochar have more applications other than soil amendment; some
applications are mentioned below in Table 7.

Table 7. Biochar and hydrochar applications.

Application

Hydrochar

Biochar

References

Soil amendment

The use of Hydrochar made from
Chlorella vulgaris microalgae in a soil
column system for growing rice
resulted in a 13.5-26.8% increase in
grain yield

Adding 10 or 40 tons of wheat straw
biochar per hectare to unfertilized soil led
to a 12% and 14% increase in rice yields,
respectively. In soil that received nitrogen
fertilization, the same additions resulted

in an 8.8% and 12.1% yield increase.

[127,128]

Introducing 0.5% or 1% hydrochar to
the soil led to enhanced plant growth,
although there was an initial lag. The
enhancement was attributed to the
increased soil moisture retention
capacity of the soil.

The use of poultry litter biochars at a rate
of 10 tons per hectare resulted in a 42%
increase in the dry matter yield of radish.

[129,130]

Removal of
pollutants

Applying 5% of sewage sludge
hydrochar to the soil reduced the
amount of Cd that was available to
plants by 52.29%, preventing cabbage
from absorbing the metal from the soil.

The addition of Concarpus biochar
greatly decreased the concentration of
heavy metals in the shoots of maize
plants, with the highest reduction of
60.5% for manganese.

[131,132]

Energy production

The yield of high-grade biofuels
produced through the pyrolysis process
can range from 21.9% to 75%, depending

on the temperature of the process, the
type of biomass used, and the type of
reactor used.

[133]

Carbon sequestration

Because hydrochar contains more easily
decomposable carbon, it is less efficient
as a carbon sequestering agent in soil
than biochar made by pyrolysis.

Biochar can sequester up to 1.67 mmol/g
of CO, when prepared at 300 °C and
used as an additive in mortar mixtures.

[134,135]

It was estimated that the implementation
of biochar has the potential to decrease
9% of Europe’s total emissions.

[136]

An illustrative summary of this section is visually presented in Figure 16.
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Figure 16. Biomass feedstock for biochar production and soil application with their effects that was
covered in this section.

5.7. Industrial Application of Biochar

The review by Gasior and Tic (2017) highlights the versatile nature of biochar and
its potential to serve various purposes beyond its traditional applications in energy, agri-
culture, and wastewater treatment [137]. Its excellent insulating properties, ability to
absorb moisture, and capacity to protect against electromagnetic radiation make it an
ideal material for use in residential spaces, particularly as an insulating material and for
moisture control. When combined with gypsum, clay, lime, or cement mortar, biochar can
enhance the properties of plastering mortars due to its ability to absorb water and its low
thermal conductivity.

Biochar has also captured the interest of numerous industries (Figure 17), including
metallurgy, electronics, chemicals, textiles, and pharmaceuticals, due to its exceptional
properties. The global market for biochar-based products includes a wide range of appli-
cations, such as microbiological preparations, animal feed supplements, paints and dyes,
semiconductors, batteries, cosmetics, pharmaceuticals, food preservatives, and additives to
textiles for functional clothing. Biochar can even be used as a filling material for pillows
and mattresses.

In the field of material science, the use of carbonaceous materials is a well-established
practice. However, the utilization of expensive carbon materials is limited to specialized
applications. As a result, researchers are exploring innovative ways to use biochar as a
renewable and cost-effective alternative to non-renewable carbon materials. This area of
research and development is gaining popularity, as biochar has the potential to deliver
exceptional end results. Ongoing studies continue to explore the vast potential of biochar
in numerous fields.
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Figure 17. Emerging biochar applications according to Garcia, B. et al. (2022) [138].

6. Conclusions

This review highlights the potential of anaerobic digestion, pyrolysis, gasification, and
hydrothermal liquefaction as means of converting biomass residues into valuable products
such as biofuels and biochar, which can address various energy and environmental concerns.
These technologies offer the benefits of producing high-value products, generating energy,
reducing greenhouse gas emissions, and improving energy efficiency, while mitigating the
environmental impact of conventional energy and food production methods.

Biochar serves as a multifaceted solution in the realm of soil improvement. Its capacity
to act as a soil amendment, preserving nutrients and moisture, immobilizing pollutants,
reducing emissions, and enhancing soil structure and health, underscores its pivotal role
in sustainable agriculture. Beyond its soil-enhancing benefits, biochar also emerges as a
potent ally in the battle against climate change, further amplifying its significance in the
agricultural and environmental sectors.

However, the thermochemical process involved in biomass conversion remains com-
plex and time-consuming, and there is a need for further research to enhance efficiency,
scalability, and economic feasibility.

Recent advances in machine learning offer a promising solution for optimizing biomass
conversion processes, especially in the area of biomass pretreatment. By leveraging AL, more
efficient and eco-friendly pretreatment methods have been developed, making biomass
a sustainable and viable source for producing biofuels and other high-value products.
Additionally, machine learning can improve the process of characterizing biochar for
various applications, such as carbon sequestration and soil amendment.

Despite the progress made in assessing the economic feasibility of using agricultural
biomass for energy and higher value products, there are still logistical challenges associated
with biomass collection, transportation, and storage. Further analyses are needed to
optimize models that account for practical issues like biomass deterioration rates and
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equipment availability. It is recommended to integrate economic and environmental
analyses to achieve a comprehensive assessment of biomass conversion to bioenergy and
higher value products. Future models should also consider different carbon regulatory
policies to balance environmental and economic goals. In summary, these technologies
offer immense potential in addressing pressing environmental and energy challenges.
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