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Abstract: The conversion of lignocellulosic agricultural waste into biofuels and other economically
valuable compounds can reduce dependence on fossil fuels, reduce harmful gas emissions, support
the sustainability of natural resources, including water, and minimize the amount of waste in landfills,
thus reducing environmental degradation. In this paper, the conversion of agricultural wastes into
biomethane, biohydrogen, biodiesel, bioethanol, biobutanol, and bio-oil is reviewed, with special
emphasis on primary and secondary agricultural residues as substrates. Some novel approaches
are mentioned that offer opportunities to increase the efficiency of waste valorization, e.g., hybrid
systems. In addition to physical, chemical, and biological pretreatment of waste, some combined
methods to mitigate the negative effects of various recalcitrant compounds on waste processing
(alkali-assisted thermal pretreatment, thermal hydrolysis pretreatment, and alkali pretreatment
combined with bioaugmentation) are evaluated. In addition, the production of volatile fatty acids,
polyhydroxyalkanoates, biochar, hydrochar, cellulosic nanomaterials, and selected platform chemicals
from lignocellulosic waste is described. Finally, the potential uses of biofuels and other recovered
products are discussed.
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1. Introduction

The remains of processing agricultural products that are not food are defined as

El};eé::tf:; agricultural waste. This waste is generally classified into crop residues (husk, leaves, straws,
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Energies 2024,17,2099. https:// and vegetables, processing of agricultural products or managing livestock (fertilizer cans,
doi.org/10.3390/en17092099 packaging materials), and hazardous waste (insecticides, pesticides) [1-3].

The agriculture sector is one of the biggest producers of waste [4]. The yearly pro-
duction of agricultural waste is estimated to be about 998 million tons, of which organic
waste accounts for 80% [2]. Agricultural waste is a major source of lignocellulosic com-
ponents, which are primarily composed of 30-50% hemicellulose, 30—40% cellulose and
8-21% lignin [3,5]. Moreover, agricultural waste is a source of valuable compounds, such
as proteins (also enzymes), fatty acids, dietary fibers, flavors, and bioactive compounds,

which can be applied in the food, pharmaceutical, and cosmetic industries.

Residuals of wheat, corn, rice, sugarcane, and sugar beet are the main agricultural
materials used in biofuel production. Their compositions are 19-24% lignin, 27-32% hemi-
celluloses, 32-44% cellulose, and 4.5-9.0% ashes (sugarcane bagasse); 5-24% lignin, 19-27%
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Attribution (CC BY) license (https://  cellulose (sugar beet pulp) [6-8].

creativecommons.org/licenses /by / Apart from the need to properly manage agricultural waste to mitigate its adverse
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value is crucial, particularly because this waste is produced in huge amounts and constitutes
a significant portion of the total waste matter generated in developed countries. Even
though agricultural waste and its by-products contain valuable components, its economic
value may be lower than the cost of collecting, transporting, or processing the waste.
Therefore, to completely utilize this waste as part of a biorefinery approach and to avoid
the unintentional loss of high-value products, it is important to search for a wide range of
marketable compounds in waste materials and their components.

Among renewable resources, biofuels and bioproducts represent a compelling way
to reduce dependence on fossil fuels, minimize greenhouse gas emissions, and promote
the principles of the circular economy [9]. Anaerobic digestion (AD) and other biomass
conversion technologies are at the forefront of this transition, transforming organic waste
materials into valuable resources [10]. These processes not only provide pathways for the
production of biofuels but also pave the way for the production of a variety of bioproducts.
In general, lignocellulose biomass can be used in biochemical and thermochemical conver-
sion pathways as a feedstock for the generation of second-generation biofuels (bioethanol,
biobutanol, biomethane, biohydrogen, and biodiesel), which can serve as fossil fuel alterna-
tives [3]. According to the European Biogas Association (EBA) [11], biomethane production
in Europe was almost 20% higher in 2022 than in 2021. In Europe, in 2022, the production
of biogases (biogas and biomethane combined) amounted to 21 becm. The production of
biomethane alone increased from 3.5 bcm in 2021 to 4.2 bem in 2022. As a result of biofuel
production, 31 Mt (dry matter (d.m.)) of digestate was produced in 2022, which could cover
15% of the EU’s nitrogen-based demand for fertilizers.

In addition to biofuel production, agricultural waste can be used to synthesize chem-
icals and polymers. In particular, each of the components of lignocellulosic matter can
be utilized for value-added products [4]. Hemicellulose and cellulose can be hydrolyzed
to glucose and other monomeric sugars, which can serve as carbon sources for microbial
fermentation. Lignin can also be used to produce various chemicals with industrial im-
portance, such as phenols, vanillin, keto acids, aromatic diacids, quinones, cyclohexanes,
and olefins [12], or as a source of thermal energy [13]. In addition, agricultural waste can
be transformed into carbon nanostructures [14] or used for the production of construction
materials, such as bricks [15].

Agricultural waste is a source of secondary metabolites that have antioxidant and
anti-inflammatory properties. These bioactive compounds, including polyphenols, can be
recovered [16] and used as new raw materials in the pharmaceuticals, cosmeceuticals, and
nutraceuticals industry, and in food and feed production; as such, they can be considered
value-added products [17].

Intensified valorization methods can turn the waste into sustainable bioproducts,
which include energy, fertilizers, platform chemicals, and other valuable products. As
feedstock accounts for 75% of the total cost of biofuel production [18], the valorization
of agricultural waste could help to significantly reduce the costs of this process. AD has
been considered the most mature and efficient technology for transforming waste residues
into various bio-based products. In general, primary agricultural residues (such as straws,
sugarcane tops) are less used for energy production than secondary residues (bagasse,
husks) because primary residues are used as fertilizers or animal feed [19]. During the early
development of biofuel production technologies, different food crops served as fermenta-
tion substrates. However, taking into account competition with humans for food, waste
biomass has predominated in feedstocks in recent years. This paper provides an overview
of the production and utilization of biofuels, such as biogas/biomethane, biohydrogen,
bioethanol, biodiesel, bio-o0il, and biobutanol, as well as some platform chemicals and other
products of various agricultural residues. This paper outlines strategies for intensifying
production of these substances through different methods of waste pretreatment.

This paper introduces novel approaches to the valorization of lignocellulosic agricul-
tural waste, emphasizing the conversion into biofuels and a broad spectrum of economi-
cally valuable compounds through innovative hybrid systems and combined pretreatment
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methods. It explores advanced technologies such as microbial fuel cells for bioelectricity
generation and the production of diverse products including volatile fatty acids, polyhy-
droxyalkanoates, biochar, and nanomaterials. The study’s novelty also lies in its holistic
analysis of the environmental benefits and economic implications, showcasing the potential
of agricultural waste as a sustainable resource for energy and material production, thereby
addressing key sustainability challenges in the energy sector.

2. Production of Biofuels—Overview of Substrates from Agriculture

Biofuels include gaseous biofuels (biogas, biomethane, biohydrogen) and liquid bio-
fuels (biodiesel, bioethanol, bio-oil, biobutanol). As they provide energy obtained from
biomass and biomass products, they are considered sustainable alternatives to conventional
fuel [20,21].

In biochemical processes employing microorganisms and enzymes, biomass compo-
nents are broken down into precursors like amino acids, fatty acids, and sugar, which
are converted into biogas/biomethane/biohydrogen through AD by anaerobic sludge,
bioethanol by fermentation of starch, butanol and methanol by distillation of dry woods,
and biodiesel and oil by transesterification of fatty acids. To intensify these processes,
newer co-culturing techniques are used for the production of biodiesel, bioethanol, and
biobutanol. This approach both minimizes environmental concerns and maximizes the net
profits of valorizing agricultural waste for biofuel production because the waste is cheap,
biodegradable, and widely available [22].

2.1. Production of Biogas

After the microbial hydrolysis of complex carbohydrates into simple sugars, fermen-
tation of sugars into organic acids, and subsequent methanogenesis to convert them into
CH4 and COy, the biogas that is produced can be used as a renewable substitute for natural
gas, powering homes, industry and even vehicles [23]. Biogas usually consists of CHy4
(55-65%) and CO; (35-45%), along with Ny (0-3%), Hy (0-1%), and H,S (0-1%) [24]. The
digestate (AD residues) can be utilized as a nutrient-rich fertilizer, thus closing the loop in
a circular bioeconomy. Biogas with a CHy content of more than 50% can be produced from
such wastes as sunflower husks, maize waste, soybean straw, wheat straw, rice straw, rice
husks, mix cereal grains, vegetable residuals, carrot leaves, potato peels, grape seeds, apple
pomace, grape vinasse, glycerine, molasses, palm oil cake, sugarcane waste, etc. (Table 1).

To intensify the production of biogas and decrease its cost, the application of an
external current or electric potential in microbial electrolysis cells has been employed.
Electroactive microorganisms, which are attached to the anode, oxidize organic matter to
CO; by using the electrode material as the final electron acceptor. As an electron acceptor,
graphite is usually used. The electrons produced are used to catalyze the generation
of reduced target molecules such as Hy, CH3COOH, or CHy [1]. When the system is
operated for electromethanogenesis catalyzed by electroactive microorganisms attached to
the cathode, the oxidation of organic matter on the anode can be combined with biomethane
production (biomethane is biogas that contains almost 100% CHy).

During conversion of hemicellulose-rich biomass under anaerobic conditions, furfural
is produced. In concentrations of 100-500 mg/L, furfural inhibited CH4 production;
however, a concentration of 1000 g/L stimulated methanation [25]. The products of further
conversion of furfural are chemicals, fuel additives, and alternative fuels that are desired by
the economy [26], e.g., coffee crop waste has been valorized to use its C5 fraction to produce
biogas and furfural; in addition, variants with and without ethanol production from the
remaining C6 fraction have been explored [27]. Yields of 0.34 g furfural/g xylose and
81.1 mL CHy4/gram VSs (volatile solids) were obtained from the hydrolysate fraction. After
acid pretreatment, the solid fraction was used to produce ethanol, and 0.47 g ethanol/g
glucose was produced. However, as economic prefeasibility was achieved at the base
scale when processing for furfural and at a higher scale when processing for biogas, this
combined biorefinery approach was not considered an effective option.
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For biogas production, mono-digestion of some agricultural waste is not recommended
due to its high carbon content, which leads to an excessively high C/N ratio. To increase yields,
co-digestion has been employed by co-feeding lignocellulosic biomass with other organic
substrates, such as food waste or animal manure [25]. Examples of co-digestion strategies
to enhance biogas yields, involving blends of different biomass types, include the mixing of
agricultural solid wastes with cow dung [28]. The highest production of CHy (297.99 NL/kg
VS) was achieved at the ratio of these substrates of 60:40 (wt). On the other hand, mixing
agricultural wastes with sewage sludge resulted in a decrease in CH4 production from
284 mL CHy4/g VS (proportion 100:0) to 176 mL CHy /g VS (proportion 0:100) [29]. Similarly,
agricultural waste increased the CHy yield from chicken manure by 93% [30].

Table 1. Production of biofuels from various substrates.

Type of Waste Yield References
Methane production
Sunflower husks 147 L CH4/kg VS [31]
Maize waste 338 L CHy/kg VS [32]
Soybean straw 196 L CHy/kg VS [33]
Wheat straw 290 L CHy/kg VS [32]
Rice straw 302 L CHy/kg VS [32]
Rice husks 300 L CHy/kg VS [34]
Mix cereal grains 345 L CHy/kg VS [33]
Residual cabbage and cauliflower (1:1, w/w) 250 L CHy4/kg VS [35]
Carrot leaves 312 L CHy/kg VS [36]
Potato peels 446 L CH4/kg VS [36]
Grape seeds 71.4L CHy/kg VS [33]
Apple pomace 204 L CHy/kg VS [37]
Grape vinasse 274 L CHy/kg VS [33]
Glycerine 241 L CHy4/kg VS [31]
Molasses 456 L CHy/kg VS [33]
Palm oil cake 402 L CH4/kg VS [38]
Sugarcane waste 278 L CHy/kg VS [32]
Hydrogen production in photofermentation
Potato starch powder 77.78 mL/(L-h) [39]
Shrub landscaping waste 73.82 £ 0.06 mL/g TS [40]
Corn stover 7458 mL/g TS [41]
Corncob 84.7 mL/g TS [42]
Hydrogen production in dark fermentation
Potato waste 27.5mL/g VSS [43]
Wheat straw 31.67 mL/g VSS [43]
Cotton stalk hydrolysate 179 mL/g VSS [44]
Raw cassava starch 240 mL/g VSS [45]
Bioethanol production

Wheat straw 250-300 L/Mg d.m. [46,47]

Rice straw 250-280 L/Mg d.m. [48,49]

Sugarcane straw 250-450 L/Mg d.m. [50,51]
Potato waste 21.7g/L [52]

Sunflower stalk 80-150 L/Mg d.m. [53,54]

Maize stover 250-350 L/Mg d.m. [47,55]

029+0.02¢g
Sugarcane bagasse ethanol/gglucose and xylose 561
Biodiesel production

Corn stover 22¢g/g [57]
Cassava starch 0187 g/g [58]
Rice bran oil 94.12% [59]

VS—uvolatile solids, TS—total solids, VSS—volatile suspended solids, d.m.—dry matter.
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In addition, the AD of lignocellulosic agricultural waste is limited by the recalcitrant
components of the waste; pretreatment methods to enhance microbial growth and improve
the rate of biogas production are discussed in Section 4.

Biogas upgrading is a crucial process in the valorization of biogas from AD. This
process significantly improves the quality of the biogas by removing impurities and in-
creasing the CHy content, making it comparable to natural gas in terms of energy content
and usability [9]. The upgrading of biogas involves crucial steps such as the removal of
CO, to enhance CHy concentration and calorific value, elimination of contaminants like
H,S, NHj3, and water vapor that can corrode equipment and diminish biogas efficiency,
and the compression and storage of biomethane for various applications [60].

A variety of technologies are employed in biogas upgrading, each selected based
on its advantages and the specific requirements of the operation. These include water
scrubbing, which uses high-pressure water to absorb CO, and H,S and is favored for
its simplicity [61]; chemical scrubbing, which uses chemicals like amines for selective
absorption of impurities [62]; pressure swing adsorption, utilizing adsorbent materials for
impurity binding [63]; membrane separation, which relies on semi-permeable membranes
for selective gas permeation [64]; and cryogenic separation, distinguishing gases based on
condensation temperatures at very low temperatures, noted for its high efficiency in CHy
purity but also its energy intensity [65].

The advantages of biogas upgrading extend to all ecological and economic areas.
It offers a renewable, carbon-neutral alternative to natural gas, reduces greenhouse gas
emissions, and promotes new markets and employment opportunities in the green energy
sector [66]. Upgraded biogas or biomethane has a wide range of applications, from feeding
into gas grids to providing clean fuel for vehicles and meeting the energy needs of industry
and households, underlining its versatility as a renewable energy source.

Despite its advantages, biogas upgrading faces challenges, such as the high costs
associated with some technologies and the need for efficient gas purification methods to
meet stringent quality standards [67]. Addressing these challenges through continuous
research and development is critical to reducing costs, improving efficiency, and expanding
the applications of upgraded biogas to ensure its role in a sustainable energy system.

Biogas is a versatile energy source. The direct use of biogas is mainly as a fuel
for cooking and heating in households, especially in developing regions [68]. Biogas is
also used to generate electricity through combustion engines and combined heat and
power (CHP) systems [69]. These systems exploit the energy content of biogas to produce
electricity and heat, showcasing biogas as an efficient fuel for power generation with the
potential to significantly contribute to the renewable energy mix. The indirect use of biogas
covers a wider range of applications and focuses on the conversion and upgrading of
biogas into more versatile forms such as biomethane and bio-CO,. Upgraded biogas,
especially biomethane, can be used as a vehicle fuel or injected into the natural gas grid,
expanding its utility for transportation and as a substitute for conventional natural gas. In
addition, bio-CO;, a by-product of biogas upgrading, is identified as a valuable feedstock
for chemical production, underlining the circular economy potential of upgrading biogas.

2.2. Production of Biohydrogen

Although biohydrogen production is considered a clean technology, creating a biofuel
with a high energy content and good energy balance (due to its high heat of combustion
of 142.9 k] /g and a thermal efficiency that is 30-60% higher than that of traditional fossil
fuels) when utilizing agricultural waste, low productivity is the main limitation of this ap-
proach [70]. The potential of biohydrogen was found to be highest for untreated rice straw
(58,002 Mm? /year) followed by that of untreated wheat straw (34,680 Mm?/year) [71].

In the biochemical pathways of Hy production from lignocellulosic biomass, Hj-
producing microorganisms transform organic matter into Hy by means of light fermentation
(photofermentation), dark fermentation, or photo-dark fermentation.
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In photofermentation, photosynthetic bacteria (with the most studied being Rhodopseu-
domonas palustris, R. faecalis, R. capsulata, Rhodospirillum rubrum, and Rhodobacter sphaeroides)
degrade low-molecular-weight organic substrates and simultaneously produce Hj in
the presence of light and anaerobic conditions [70]. These bacteria cannot directly use
macromolecular organic compounds that are difficult to hydrolyze. Instead, they use
carbohydrates, such as glucose and other easily hydrolyzed compounds, and various low-
molecular-weight organic acids. Examples of H; yields in photofermentation of selected
agricultural wastes are given in Table 1.

In dark fermentation, Hy-producing microorganisms convert organic compounds into
low-molecular-weight metabolites under anaerobic conditions with no external input of
light, and they simultaneously produce H,. The most studied microorganisms include
obligate anaerobic bacteria (Caldicellulosiruptor saccharolyticus, Ruminococcus, and Rumen
bacteria) and facultative anaerobic bacteria (Enterobacter and Escherichia coli) [70]. Employ-
ing mixed populations of Hy-producing microorganisms is more advantageous than using
mono-populations, which are less likely to adapt and use complex organic compounds.
The yields of Hj in dark fermentation with different agricultural wastes are listed in Table 1.
Due to faster production of Hy, the ability to operate without light, and better adaptability
to substrates, dark fermentation for H, production is more suitable for the industrial scale.
However, industrial production is restricted by the low yield of the process (4 mol Hy /mol
glucose), which in practice is usually even lower.

In combined photo- and dark fermentation, the substrate is first subjected to dark
fermentation to produce biohydrogen, and then liquid metabolites are further converted
into biohydrogen in the next step (photofermentation), thus improving H; yield [70].
Alternatively, both functional groups of bacteria are co-cultivated, and dark fermentation
and photofermentation occur in the same reactor as one-step dark-photofermentation.
Enhancing H, production in combined processes was achieved, for example, using a
mixture of fruit and vegetable waste and cheese whey powder [72]. In the dark stage, low
H, production resulted from the metabolism directed to lactate production. In the overall
process, the highest H, potential rate of 157.5 mL H, /(L-h) was observed at the C/N ratio
of 39 in the dark stage and at a dilution of its effluent of 1:2.

To enhance the activity of enzymes and promote the growth of key microorganisms, a
combination of mixed organic substrates or mixed microbial cultures has been explored.
For example, agricultural waste was co-digested with sewage sludge [73,74]. The mix-
ture of carbon-rich rice straw and nitrogen-rich sewage sludge resulted in a H; yield of
0.74 mmol Hy /g VS of straw and a stable and high H; content of 58% [74].

In addition to the use of biochemical methods to produce H;, thermochemical pro-
cesses (gasification and pyrolysis) have also been employed [25,75]. In gasification, ligno-
cellulosic biomass is heated in the presence of oxygen or steam transformed into a mixture
of Hy, CO, and other gases. The produced syngas can be further converted to extract Hj
or utilized to synthesize liquid hydrocarbon fuels. In pyrolysis, lignocellulosic biomass is
thermally decomposed in the absence of oxygen. The resulting bio-oil can be upgraded to
obtain liquid hydrocarbon fuels and Hj-rich gas. In thermochemical processes, agricultural
crop wastes such as rice husk, straw, corncob, sugarcane bagasse, sunflower bagasse, etc.,
were used [75,76].

2.3. Production of Bioethanol

Lignocellulosic biomass is biochemically converted to bioethanol by pretreatment
to release hemicellulose and cellulose before hydrolysis, followed by hydrolysis of cel-
lulose into glucose and hemicellulose into pentoses and hexoses, and then fermentation
of reducing sugars into ethanol. Hp, methanol, and succinic acid are also produced [77].
Fermentation techniques include simultaneous saccharification and fermentation, and
separate hydrolysis and fermentation [78]. The yields of ethanol are higher in simultaneous
processes. Subsequent distillation concentrates the ethanol to the desired purity level for
fuel use [79].
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Production of bioethanol can be conducted by transforming a wide range of carbohydrate-
rich agricultural lignocellulosic waste. Second-generation bioethanol is produced from
non-food plants and residual materials, including agricultural waste (molasses, bagasse,
and other carbohydrate-rich residuals of corn, wheat, barley, switchgrass, sugarcane, sugar
beet, potatoes, etc.), municipal waste, food waste, and wood processing residues [25].
Wheat straw, which is the second most abundant lignocellulosic material in the world, is
an important source of cellulose for ethanol production [22].

For example, acid hydrolysis plus enzymatic saccharification of sugarcane bagasse,
sugarcane bark, cornstalk, corncob, or cornhusk, followed by fermentation at 30 °C for 72 h
with Saccharomyces cerevisiae, resulted in maximum ethanol yields of 6.72, 6.23, 6.17, 4.17,
and 3.45%, respectively [80]. Other bioethanol yields from various substrates are shown in
Table 1.

Bioethanol is widely used as a fuel for transportation [81]. It can be blended with
gasoline to reduce carbon emissions and increase the octane rating of the fuel. Blends of
up to 10% ethanol (E10) are common in many countries and can be used in conventional
gasoline vehicles. Higher blends such as E85 (85% ethanol) require flexible fuel vehicles
designed to run on different ethanol concentrations [82]. The utilization of bioethanol in
energy generation primarily revolves around its use in fuel cells and as a renewable source
for heat and electricity production. Bioethanol’s high-octane rating and clean-burning
properties make it an attractive option for replacing or supplementing traditional fossil
fuels in various energy generation applications [83]. Bioethanol can be converted into Hp
through steam reforming, which then feeds into fuel cells to produce electricity [84]. This
process is particularly appealing for its high efficiency and the potential for low emissions,
depending on the source of heat for the reforming process. The adaptability of bioethanol
fuel cells makes them suitable for a range of applications, from providing power in remote
locations to serving as backup power sources in critical infrastructure [85]. In combined
CHP plants, electricity and heat energy are generated simultaneously by burning bioethanol.
This dual power approach improves the overall efficiency of the system by utilizing the
heat that would otherwise be wasted when generating electricity alone [86]. Combined heat
and power systems that run on bioethanol can significantly reduce the operating costs and
carbon footprint of industrial plants, commercial buildings, and residential complexes. The
solvent properties of bioethanol make it valuable for the production of paints, varnishes,
and lacquers [87]. It is also used in pharmaceuticals, cosmetics and personal care products,
where its volatility and ability to dissolve a wide range of substances are highly valued [88].
The use of bioethanol as a solvent supports the shift towards safer, more environmentally
friendly chemical processes and products. Bioethanol is a key ingredient in the synthesis of
ethylene and other basic chemicals that serve as building blocks for plastics, rubber, and
synthetic fibers [89]. The transition to bioethanol-derived ethylene is particularly significant
in the context of reducing the chemical industry’s carbon footprint and dependence on oil
and gas feedstocks. Innovations in biotechnology and materials science have also enabled
the use of bioethanol in producing biodegradable plastics and other biomaterials [90].
These applications not only contribute to reducing plastic pollution but also highlight the
versatility and sustainability of bioethanol as a feedstock.

2.4. Production of Biodiesel

Biodiesel (an alkyl ester of fatty acids), which is receiving much recognition as a
replacement for conventional fuels, is produced when plant oils are trans-esterified with an
alcohol (ethanol, methanol, or other) in the presence of a catalyst (e.g., metal oxides) [91].
Enzymatic hydrolysis of cellulose and hemicellulose into fermentable monomeric sug-
ars is a key step of the process. The fermentation of released sugars proceeds via yeast
(Saccharomyces cerevisiae) fermentation, in which the ethanol produced is subsequently trans-
formed into biodiesel via transesterification reactions [92]. Alternatively, direct production
of biodiesel from lignocellulosic sugars via fermentation by bacteria and Archaea has been
explored [93,94].
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Biodiesel can be produced from several plant oils (soybean, rapeseed, and canola),
waste cooking oils, non-edible oils, food residues, residual biomass, etc. [95] (Table 1).

Catalysts improve alcohol solubility, thus increasing the reaction rates of biodiesel
synthesis. Agricultural wastes may be sources of cost-effective, easily available, easy-to-
produce, and environmentally friendly catalysts, which can offer a good alternative to
commercial catalysts. One source of sustainable and environmentally friendly catalysts that
increase the cost-effectiveness of biodiesel synthesis is rice husk or coconut husk; products
of burning this are used to make reactive silica, which acts as a catalyst [2,91].

Glycerol, which is a waste material from the biodiesel industry, can be transformed into
value-added products, such as succinic acid, citric acid, poly(3-hydroxybutyrate), and 1,3-
propanediol, as well as some intermediates used for microbial production of polymers [96].
Glycerol has found several applications in the cosmetics and pharmaceutical industries [96].
In addition, waste glycerol can serve as an external organic carbon source in wastewater
treatment plants, which improves the efficiency of nitrogen and phosphorus removal from
organic-poor wastewater [97].

Biodiesel serves as a renewable, biodegradable, and cleaner-burning alternative to
conventional diesel fuel [98]. It can be used in diesel engines without major modifications,
either in the pure form (B100) or as an admixture to mineral diesel in various concen-
trations. The use of biodiesel can significantly reduce emissions of particulate matter,
carbon monoxide, hydrocarbons, and sulfur oxides, thus helping to improve air quality
and public health [99]. Biodiesel is also utilized in diesel generators for electricity pro-
duction, especially in remote or off-grid locations, as a sustainable alternative to diesel
fuel [100]. It can be used in standalone power generators or as part of hybrid systems
combined with renewable energy sources like solar or wind power [101]. This application
is particularly beneficial for reducing carbon emissions and improving energy security in
regions without access to the electricity grid. In regions where heating oil is a common fuel
for space heating, biodiesel blends can be used as a direct substitute [102]. This application
is becoming increasingly popular in private and commercial heating systems, as biodiesel
has a lower CO, footprint than conventional heating oils. It can be used as a solvent or
cleaning agent. This benefits industries that want to reduce their environmental impact and
improve worker safety by replacing more toxic chemicals. Biodiesel and its by-products are
valuable raw materials in green chemistry for the manufacture of a wide range of products,
including biodegradable lubricants, cosmetics, pharmaceuticals, and plastics [103]. This
utilization not only adds value to the biodiesel production chain but also aligns with the
principles of the circular economy and sustainability.

2.5. Production of Biobutanol

Biobutanol can be produced via a two-step fermentation process known as acetone—
butanol-ethanol (ABE) fermentation, performed mainly by clostridial species. First, lig-
nocellulosic biomass is pretreated and enzymatically hydrolyzed. Subsequently, releasing
sugars are fermented via solvent-producing microorganisms to yield biobutanol. As a
result of genetic modifications of microorganisms to increase the biobutanol production
rate, Moradi et al. achieved a yield of 112 g biobutanol/kilogram of alkali-/acid-pretreated
rice straw [104].

The technology for cellulosic alcohol production can be classified into four major
variants: (1) separate hydrolysis and fermentation (SHF), (2) simultaneous saccharification
and fermentation (SSF), (3) simultaneous saccharification and co-fermentation (SSCF), and
(4) consolidated bioprocessing (CBP). Currently, the SHF and SSF processes are the most
frequently applied [105].

As promising feedstocks for biobutanol production, agricultural residues, energy
crops, and forestry waste have been used. For example, rice straw and sugarcane bagasse
were alkaline pretreated and then enzymatically hydrolyzed [105]. For the inoculum, an
efficient butanol-producing bacterium was obtained from H;-producing sewage sludge.
Biobutanol was produced via either separate hydrolysis and fermentation (SHF) or a com-
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bination of SHF with simultaneous saccharification and fermentation (SHF-SSF). With SHF
of bagasse, the maximum butanol concentration, productivity, yield, and ABE ratio were
2.29¢/L,1.00 g/L-d, 0.52 mol butanol/mol reducing sugar, and 0.12:1:0.06, respectively,
whereas with rice straw, they were 2.92 g/L, 1.41 g/L-d, 0.51 mol butanol/mol reducing
sugar, and 0.19:1:0.1, respectively. After SHF-SSF of bagasse, the maximum butanol con-
centration, productivity, and yield were 1.95 g/L, 0.61 g/L-d, and 0.37 mol butanol/mol
reducing sugar, respectively, whereas after SHF-SSF of rice straw, they were 2.93 g/L,
0.86 g/L-d, and 0.49 mol butanol/mol reducing sugar, respectively. Independently of the
fermentation type, rice straw was a more efficient feedstock than bagasse. H, formation
occurred simultaneously (3.2—4.4 L/L and 1.8-2.2 mol H;/mol reducing sugar) during
ABE fermentation.

More economically viable production of energy can be achieved through the integrated
use of lignocellulosic biomass for the production of biobutanol and biogas. Residual sugars
and lignin as by-products of biobutanol fermentation can be utilized as substrates for biogas
production via AD [106]. This can increase overall energy efficiency.

Biobutanol can be used as a fuel for internal combustion engines and as a transport
fuel. It has also found applications in diverse industrial sectors including chemical interme-
diates, paints/coatings, cosmetics, pharmaceutics, herbicides, and detergent formulations.
Moreover, it is used as resins or plasticizers [107].

2.6. Production of Bio-Oil

Bio-oil (pyrolysis oil) is a complex mixture of oxygenated organics that can be further
converted into transportation fuels. To convert agricultural waste into liquid hydrocarbons
such as bio-oil, thermochemical technologies such as intermediate pyrolysis [108], fast py-
rolysis, hydrothermal liquefaction [49], or gasification with Fischer-Tropsch synthesis [109]
have been used.

Pyrolysis may result in converting about 40-75% of biomass (on a dry basis) into
pyrolytic oil, 10-20% into biochar, and the rest into synthetic gas [110]. However, in practice,
the bio-oil yields are lower. For example, when treating rice straw at 300450 °C, 34.5 wt%
was maximally achieved at 400 °C [111]. The growth of temperature from 300 to 450 °C
decreased the yield of solid residue and increased the yield of gas. Bio-oil contained mostly
phenol, 2-ethyl-phenol, 2-methyl-phenol, 2-methoxy-phenol, 2-methoxy-4-vinylphenol,
and 2,6-dimethoxy-phenol.

More effective systems of microwave-assisted pyrolysis were developed. Temperature
growth from 400 to 600 °C increased the yields of bio-oil (31.9 wt%) from rice straw and
decreased the yields of bio-oil (27.45 wt%) from C. oleifera shell [112]. However, bio-oil
produced from the shell had higher contents of phenols, aldehydes, and alcohols. When
supporting microwave-assisted co-pyrolysis of corn stover and scum with catalysts such
as CaO and HZSM-5 zeolite, the maximum yield of bio-oil was obtained at 550 °C [113].
Higher bio-oil yields (up to 42.1 wt%) were obtained from corn cob [114]. The addition
of MgCl, as a catalyst did not improve the bio-oil yield. The higher heating value of corn
cob-based bio-oil (22.38 M] /kg) than that based on corn stover, saw dust and rice straw
resulted from the predominance of ethyl ether and 2-bromo-butane.

Thermocatalytic reforming is an emerging technology that proceeds in two main
steps: (i) the intermediate pyrolysis step, in which thermal heating and decomposition
of the biomass occur in the absence of oxygen, and (ii) the reforming step, in which
catalytic cracking of vapors occurs at elevated temperatures to promote the synthesis of gas
formation and the evaporation of organic matter. The condensation yields deoxygenated
bio-oils with fuel properties [115]. The possible energy, mass, and carbon efficiencies can
reach 40%, 20%, and 32%, respectively [109].

Bio-oil tends to have low pH values (2-3) and consists of water and oxygenated
aliphatic and aromatic chemicals, including esters, alcohols, ketones, aldehydes, phenols,
furans, and sugars. Such a rich composition of bio-oils results from the pyrolysis of
cellulose, hemicellulose, and lignin. As a result, bio-oils can be co-fed with fossil fuels or
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used directly in boilers [114]. They can be used for H, production or converted into car
fuel by hydrodeoxygenation. In addition, bio-oils serve as a source of various chemicals
such as phenols, biodiesel, polyurethane, or monomers for plastic production [116].

2.7. Hybrid Technologies

In biofuel production technology, the use of two-phase AD has been explored, in
which a fermentation step with H, production is followed by methanation, resulting in
biogas enriched with up to 10-20% Hj [1]. This technology increases conversion yields by
up to 37% [117] and leads to the production of bio-hythane (hydrogen-enriched methane),
reducing NOy and GHG emissions [118]. Bio-hythane can be used in conventional natural
gas vehicles. The following substrates were used for this purpose: wheat straw, rice
husk, sugarcane bagasse, and mixed fruit and vegetable waste, and the percentages of
bio-hythane produced were 29.75%, 16.74%, 53.64%, 43.54%, and 40.92%, respectively [119].

2.8. Production of Bioelectricity by Microbial Fuel Cells (MFCs)

MECs are used to transform organic substances from complex waste compounds into
electrical energy using microbial activity. In MFCs, microorganisms oxidize organic matter,
resulting in the production of electrons that are transferred by various enzymes within
some cells. Finally, these electrons are released at the cathode to reduce oxygen [120].
Since microorganisms cannot degrade the agricultural waste in MFCs directly to produce
electricity, acidic or enzymatic pretreatment is required to produce fermentable sugar
hydrolysates [120].

Agricultural wastes used for bioelectricity generation include wheat and rice straw,
cassava mill effluents, corn stover, plant and flower wastes, vegetable wastes, etc. Examples
of MFC performance are 93.97 mW/ m? (corn stover, [121]), 660 mW /m? (corn straw, [122]),
190 mW /m? (rice straw, [123]), and 230 mW /m? (corn cob pellets, [124]).

2.9. Production Costs of Energy Sources

The estimated costs associated with the production of different energy sources are
given in Table 2. For example, on the European market, in 2022, the cost of biomethane
production was 80 EUR/MWh, comprising 16 EUR/MWh (raw material), 32 EUR/MWh
(CAPEX), and 32 EUR/MWh (OPEX) [125]. However, it should be considered that the costs
depend on the availability of wastes in a local market, regional agricultural conditions, costs
of feedstock, kind of feedstock and its form (raw waste or silage), the local retail prices, local
policy scenario, production scale, available technologies, type of pretreatment, methods
or substrates that, for example, increase the available sugars, biogas upgrading, and
optimization of the fermentation process including the application of genetic engineering
of microorganisms or the use of enzymes [126-132].

Table 2. Production costs of the energy sources.

Biofuel Production Costs References
Biogas 0.05-0.18 USD/kWh [129]
Biomethane 0.54-0.78 EUR/m? [133]
Biohydrogen 1020 USD/G]J [134]
Bioethanol 1310 USD/m? [126]
Biodiesel 760-1120 USD/m3 [130]
Bio-oil 17-24 USD/GJ [135]

Biobutanol 500-800 USD/m? [131,132]

3. Production of Other Value-Added Products

In addition to the much-discussed biofuels such as biogas, biodiesel, and bioethanol,
a number of other valuable bioproducts are obtained from the conversion of biomass.
These products offer sustainable alternatives to their conventional counterparts, further
enhancing the environmental and economic benefits of biomass use.
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3.1. Production of Volatile Fatty Acids (VFAs) and Polyhydroxyalkanoates (PHAs)

Some biological mechanisms, including dark fermentation, photofermentation, and
two-stage AD, employ microorganisms to generate VFA-rich residual effluents from hydrol-
ysis of lignocellulose [136,137]. VFAs serve as starting materials for further conversion into
PHAs and derivatives. These valuable bio-based compounds can be used as biopolymers.

In 2023, the international market for PHAs was estimated at 4.8% of total bioplastic
production (105,000 tons), and this is expected to increase to 13.5% by 2028 [138]. PHAs
have a high potential in waste valorization, as the flexible acidogenic fermentation of
largely heterogenic wastes delivers a stable substrate for PHA production; the wide range
of PHA properties lead to the use of this polymer as a component of various bioplastics; the
production process takes place under mild conditions; and no excess sludge is produced
(the PHASs account to 70% of the biomass) [1].

Fed-batch fermentation has been researched for PHA production from agricultural
waste [139]. The hydrolysate after enzymatic saccharification of lignocellulosic biomass
contains hexose and pentose sugars. For PHA production, microorganisms that have a
high capacity to ferment such sugars are commonly used. These can be fast-growing,
ethanol-producing bacteria (e.g., Zymomonas mobilis and Saccharomyces cerevisiae), as they
can absorb a lot of sugar.

The production costs of PHAs must be minimized to be competitive with conventional
plastics. In the aerobic production of these biopolymers, usually in a phosphate-limited
process, only about 50% of the main carbon sources end up in the final products [140]. There-
fore, there is a need for cheap carbon sources and also for cheap complex nitrogen sources.
These can be sourced from agricultural waste, which can greatly contribute to reducing PHA
production costs. Production costs can be minimized by combining the use of agricultural
waste as feedstock and the integration of a mixed-culture process into an AD-based tech-
nology [1]. For example, fermentations of hydrolyzed whey permeate and the liquid phase
of glycerol from biodiesel production were investigated [140]. A poly[3(hydroxybutyrate-
co-hydroxyvalerate)] copolyester was produced from both carbon sources without any
precursors. A constant 3-hydroxyvalerate amount (8 —10%) was obtained, and the total
PHA concentrations were 5.5 g/L (whey permeate) and 16.2 g/L (glycerol).

Bioplastics are derived from renewable biomass sources, such as vegetable fats and
oils, corn starch, straw, wood crisps, sawdust, and recycled food waste [141]. They are
produced through various biological and chemical processes that transform these biomass
sources into polymers suitable for making plastics [142]. Bioplastics are used in a variety
of products, including packaging materials, bags, utensils, straws, and even some auto-
motive and electronic components. Unlike conventional plastics, many bioplastics are
biodegradable or compostable, offering potential benefits in reducing plastic waste and
pollution [143]. However, the impact of bioplastics on the environment depends on their
specific compositions and end-of-life scenarios.

3.2. Production of Biochar

Biochar, a solid carbon-rich product, is produced in a pyrolysis process by heating the
biomass to over 250 °C under limited oxygen conditions. Biochar is produced from forest
waste [144], rice husk and bagasse [145,146], corncob [147], olive pits, olive [146], and other
wastes.

Biochar has attracted attention due to its versatile applications in various fields. Its
uses range from environmental management and agriculture to energy production and
the manufacture of materials. Biochar serves as an effective starting material for the
production of catalysts due to its large surface area, porosity, and the presence of functional
groups [148]. It is particularly valuable in the purification of synthesis gas, where it helps
to remove impurities and tar from the synthesis gas and thus improve the efficiency of
gasification processes [149]. In addition, biochar-based catalysts are used in the conversion
of synthesis gas into liquid hydrocarbons and as solid acid catalysts for biodiesel production,
demonstrating their potential in the renewable energy and biofuels industry.
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One of the most widely recognized applications of biochar is as a soil amendment [150].
Its addition to soil can significantly enhance soil quality by increasing water retention,
nutrient-holding capacity, and microbial activity [151]. Furthermore, biochar aids in mit-
igating greenhouse gas emissions from soil, contributing to climate change mitigation
efforts [152]. Its stable carbon structure also serves as a long-term carbon sink, thereby
reducing the net carbon footprint of agricultural practices.

Biochar exhibits excellent adsorption properties, making it an effective sorbent for
the reduction of contaminants in soil and water [153]. Its ability to adsorb heavy metals,
organic pollutants, and other hazardous compounds from contaminated sites is particularly
valuable in environmental remediation projects [154]. The high surface area and specific
surface functional groups of biochar enable it to bind with contaminants, preventing their
leaching into groundwater and reducing their bioavailability [155].

The porous structure and surface chemistry of biochar also make it suitable for gas
adsorption applications, such as CO, capture [156] and H; storage [157], potentially re-
ducing the impact of fossil fuel emissions on climate change. Its application in H, storage
is particularly promising for the development of clean energy carriers and supports the
transition to a more sustainable energy system.

Biochar is being explored as a low-cost, renewable fuel in direct carbon fuel cells
(DCECs) [158] and as an efficient anode material in MFCs [159]. In DCFC systems, biochar
can directly convert the chemical energy in biomass into electricity, offering a greener
alternative to traditional fossil fuels [160]. In MFCs, biochar-based anodes can enhance elec-
tricity generation from the biochemical energy in organic waste, highlighting its potential
in waste-to-energy technologies [161].

The unique structural properties of biochar, such as its large surface area and electri-
cal conductivity, make it a promising material for supercapacitors [162]. Biochar-based
supercapacitors can offer a sustainable and cost-effective solution for energy storage, with
applications ranging from portable electronics to electric vehicles [163].

Finally, biochar is an excellent precursor for the production of activated carbon, a
material widely used in water treatment, air purification, and chemical processing indus-
tries [164]. The activation of biochar enhances its adsorptive properties, making it more
effective in removing pollutants and impurities from various media.

3.3. Production of Hydrochar

Hydrothermal carbonization (HTC) presents a promising technology for converting
wet organic wastes, such as the liquid fraction of digestate, into hydrochar—a carbon-rich
solid with coal-like properties [165]. This process not only provides a sustainable approach
to waste management, but also creates a valuable product with multiple applications in
energy production, agriculture and environmental remediation, representing a significant
step forward in circular economy initiatives.

The HTC process emulates natural coal formation but accelerates it significantly,
operating under controlled conditions of high temperature (180 °C to 250 °C) and pressure
for several hours [166]. This environment breaks down organic molecules into smaller
units and facilitates their re-polymerization into complex structures [167]. Subsequently,
the mixture is cooled, allowing for the separation of solid hydrochar from the process water
and other liquid by-products. The hydrochar undergoes drying to reduce the moisture
content, thus enhancing its stability and energy content [168].

The advantages of HTC are manifold. It drastically reduces the volume and mass of
organic waste, making disposal or further utilization more manageable [169]. Hydrochar,
with its higher calorific value compared to the original waste material, emerges as a viable
renewable energy source [170]. Additionally, by converting carbon into a stable solid form,
HTC plays a crucial role in carbon sequestration, contributing to the mitigation of green-
house gas emissions [171]. The process water from HTC, enriched with nutrients, offers
potential for treatment and reuse, further supporting water conservation and nutrient recov-
ery efforts. Hydrochar’s high calorific value allows it to be used as a solid fuel in industrial
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processes or for electricity generation, comparable to coal [172]. Moreover, hydrochar’s
porous structure makes it an effective medium for water and air purification [173], and it
can be incorporated into building materials, plastics, and composites, thus improving their
strength and environmental footprint [174].

Despite these benefits, HTC faces challenges, including feedstock variability affecting
hydrochar quality, the need for process optimization to improve efficiency and yield,
economic hurdles related to high operational costs and scalability, and environmental
concerns regarding pollutant release and by-product management. Addressing these issues
is crucial for advancing HTC as a sustainable biomass conversion technology [175].

Current research is directed towards optimizing HTC process conditions [176], im-
proving hydrochar quality for specific uses, and integrating HTC into existing waste
management frameworks to enhance both environmental and economic outcomes.

3.4. Production of Platform Chemicals

Lignocellulosic biomass is converted into pentoses and hexoses, which, in turn, can be
converted into various platform chemicals. Platform chemicals are basic building blocks
of the chemical industry and are widely used in the production of food, pharmaceuticals,
cosmetics, animal feed, textile products, plasticizers, coating materials, etc. Platform
chemicals include lactic acid, succinic acid, maleic acid, levulinic acid, fumaric acid, 3-
hydroxypropionic acid, 2,5-furandicarboxylic acid, aspartic acid, glucaric acid, glutamic
acid furfural, hydroxymethylfurfural, 3-hydroxybutyrolactone, glycerol, sorbitol, and
xylitol [177,178].

One example of the processing of hemicellulose-rich waste biomass is the catalytic
conversion of pentosans into furfural, which has great market potential. Furfural has a
carbonyl group and a system of conjugated double bonds in the ring, which enables its
effective transformation into chemical products such as furfuryl alcohol, tetrahydrofurfuryl
alcohol, furan, tetrahydrofuran, or alkanes. Furfural itself is not chemically stable (it is
easily polymerized), but its other conversion products are chemicals, fuel additives, and
alternative fuels desired by industry [26]. The value of furfural in the global market was
USD 662 million in 2023 and is estimated to reach up to USD 767 million in 2028 [179].
The C5 sugar platform has been identified as a potential alternative for the generation of
furfural and biogas [27].

In addition, the biobutanol industry generates a wide range of value-added by-
products, including solvents, coatings, fibers, and plastics, and it serves as a precursor for
chemicals such as acrylic acid or butyl acetate [25].

Agricultural waste is a source of other bioactive compounds with high added value,
such as polyphenolic compounds as an example. Polyphenolic compounds have been
recovered mainly from distillery stillage [16] and olive mill and winery waste [180], and,
due to their antioxidant properties, they find applications in the pharmaceutical, cosmetic,
and food industries.

3.5. Production of Cellulose Nanomaterials and Nanocomposites

Since about 32-65% of agricultural waste consists of cellulose, this waste is excellent
feedstock for cellulose extraction to produce cellulose nanomaterials and nanocomposites
with high economic and environmental benefits, particularly in agriculture, medicine, and
food packaging [181,182]. This is due to the properties of nanocrystalline cellulose such as
optical transparency, high mechanical strength, insolubility in water, and organic solvents
and biorenewability, which make nanocellulose-based structures suitable natural materials
to produce superabsorbent hydrogels [183], energy storage systems, photovoltaic devices,
catalyst components, or mechanical energy harvesters [184].

Various agricultural wastes can serve as sources for the production of cellulose nano-
materials [14]. Several physicochemical, physical, chemical, and biological methods have
been investigated to extract cellulose from waste. When selecting these methods, it should
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be considered that hemicellulose and lignin inhibit cellulose extraction [22], which is why
they should be removed during cellulose extraction.

As wheat straw is the second largest lignocellulosic material in the world [22], it is the
main substrate for the production of cellulose nanomaterials and nanocomposites. Other
substrates include sugarcane bagasse, rice straw, or algae. For wheat straw and its solid pulp
residues, p-toluenesulfonic acid hydrolysis was used to produce lignocellulosic nanofibrils
(LCNFs), followed by alkaline peroxide post-treatment to purify LCNFs [185]. Besides
LCNFs, wheat straw is a precursor for the production of oxidized cellulose nanofibers,
lignocellulose nanofibers, mechanically driven cellulose nanofibers, and cellulose nanocrys-
tals (CNCs). These nanomaterials were blended with carboxymethyl cellulose to produce
nanocomposites [186].

CNCs were also prepared from rice-straw-derived cellulose by acid hydrolysis; a
high yield of 90.28% was obtained at 30 °C, a time of 5 h, and an acid concentration
of 75 wt% [187]. Sulfuric acid hydrolysis of pure cellulose extracted from rice straw,
cotton, and grape skin yielded high-quality CNCs in 45, 60, and 30 min, respectively [188].
Sugarcane bagasse is another substrate for producing CNCs, microcrystalline cellulose,
or cellulose nanofibers due to its 40-50% cellulose content [189,190]. When producing
CNCs by enzymatic hydrolysis from sugarcane bagasse and straw, a high crystallinity
index and high thermal stability of the nanomaterials produced were achieved; increasing
the duration of enzymatic hydrolysis increased the content of the product but decreased its
length and diameter [191]. In addition, the post-processing stream is rich in sugars that can
be used for, e.g., ethanol production.

4. Pretreatment of Agricultural Waste
4.1. Recalcitrant Compounds in Biomass

The presence of recalcitrant compounds in the feedstock poses a significant challenge
to the AD process [192]. Recalcitrants are complex organic molecules that resist microbial
and enzymatic degradation, thereby limiting the conversion efficiency of biomass into
biogas [193]. Recalcitrant compounds have been derived from a variety of sources, includ-
ing lignocellulosic biomass, industrial waste, and agricultural residues [194]. They are
characterized by their robust chemical structures, such as aromatic rings and heterocyclic
compounds, which render them resistant to the biological processes that drive AD [195].
The persistence of these compounds not only reduces the overall yield of biogas but also
can lead to the accumulation of toxic intermediates, further inhibiting microbial activity
and prolonging the lag phase of CHy production [196].

Furan derivatives are a class of heterocyclic organic compounds consisting of a five-
membered aromatic ring with four carbon atoms and one oxygen atom [197]. These
compounds, such as furfural and 5-hydroxymethylfurfural (HMF), are often formed during
the thermal decomposition of sugars and are particularly prevalent in the pretreatment of
lignocellulosic biomass for AD [198]. Furan derivatives are known for their antimicrobial
properties, which can inhibit the microbial consortia essential for efficient biogas produc-
tion [199]. Furfural is produced from pentose sugars found in hemicellulose, and it is a
common recalcitrant that is toxic to many microorganisms involved in AD [200]. HMF is
derived from hexose sugars, and it is another inhibitor of microbial activity, impacting the
overall efficiency of AD [201].

Phenolic compounds are a significant group of recalcitrants characterized by an aro-
matic ring structure bearing one or more hydroxyl (-OH) groups [202]. These compounds
originate from the lignin component of biomass and can significantly hinder microbial
activity in AD [203]. Phenolics such as vanillin, syringaldehyde, and 4-hydroxybenzoic
acid are known for their antimicrobial and toxic effects, which can reduce the viability of
AD microbial communities [204]. Vanillin and syringaldehyde are products of lignin break-
down and are known to be toxic to microorganisms, affecting CH4 production rates [205].
4-hydroxybenzoic acid can accumulate during the degradation of lignin and impact the
AD process by inhibiting microbial growth [206].
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Weak organic acids, such as acetic acid, formic acid, and levulinic acid, are characterized
by their carboxylic acid functional group [207]. Though these acids are intermediate products
in the AD process and can be utilized by methanogens for CH4 production, in high concen-
trations, they can become inhibitory [208]. Their accumulation can lead to acidification of
the AD environment, inhibiting methanogenic activity and thus slowing down the biogas
production process. Acetic acid is a direct substrate for methanogens; its excessive levels can
lead to acidosis in the digester. Formic and levulinic acids can accumulate from the incomplete
breakdown of biomass and, in high concentrations, inhibit the methanogenesis stage [209].

The primary adverse effect of recalcitrant compounds is their impact on biogas pro-
duction. Biogas, primarily consisting of CH4 and CO,, is produced when microorganisms
break down organic matter under anaerobic conditions. However, recalcitrant materials
such as lignin, certain plastics, and complex organics are not easily decomposed, leading
to a reduced substrate availability for methane production. This results in lower biogas
yields, undermining the energy output and economic viability of biogas plants [210].

The accumulation of recalcitrant compounds can also lead to physical and biochemi-
cal instability within the digester [211]. Physically, the build up of undigested materials
can cause blockages and impair the mixing within the digester, leading to uneven gas
production and possible system shutdowns. Biochemically, these compounds can alter
the microbial ecosystem by disproportionately supporting certain bacterial groups over
methanogens, which are crucial for CHy production. This imbalance can result in oper-
ational issues like acid accumulation, foaming, and floating scum, which can interrupt
continuous operation [212].

Some recalcitrant compounds have inhibitory effects on the microbial communities
responsible for anaerobic digestion [213]. These inhibitors can be natural, such as tannins
and phenols from plant materials, or synthetic, from industrial chemicals and residues.
Their presence can suppress the metabolic activities of methanogenic Archaea and other
beneficial bacteria, further reducing the efficiency of biogas production.

To mitigate these adverse effects, various strategies can be employed. Pretreatment tech-
niques such as thermal, chemical, and enzymatic treatments can be used to break down recalci-
trant compounds before they enter the AD system, enhancing their biodegradability (Figure 1).
Optimizing the microbial consortium by adding specialized microbes capable of degrading tough
compounds can also improve breakdown rates. Regular monitoring and adaptive management
of the digester’s operational parameters (like pH, temperature, and organic loading rate) can
help maintain a balanced microbial ecosystem and efficient system operation.
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Figure 1. Biomass conversion to energy.

4.2. Reduction in Biogas Yield

Recalcitrant compounds are characterized by their resistance to microbial degradation.
This resistance limits the availability of substrates for the microorganisms involved in AD,
thereby directly impacting the biogas yield. Essential steps in the biogas production process,
such as hydrolysis and acidogenesis, can be inhibited, resulting in a decreased conversion of
organic matter into CHy and CO,. For instance, phenolic compounds and furan derivatives
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can inhibit key enzyme activities or microbial growth, leading to a reduced rate of substrate
breakdown and biogas formation [214].

The presence of recalcitrants can prolong the lag phase, which is the initial period
of the AD process before CH, production begins [215]. During this phase, the microbial
community adapts to the substrate and environmental conditions. Inhibition caused by
recalcitrant compounds, such as certain phenolic compounds and furan derivatives, results
in a longer time required for the microbial community to establish and commence the
efficient conversion of substrates into biogas [216,217]. The prolonged lag phase not only
delays the onset of biogas production but can also increase the overall duration of the AD
process, affecting the throughput and efficiency of AD facilities.

4.3. Impact of Pretreatment Methods on Recalcitrant Formation

Physical pretreatment methods, such as grinding, milling, and thermal treatments,
aim to reduce particle size and increase the surface area of the biomass for microbial
access. While these methods can enhance the biodegradability of the substrate, high-
temperature treatments (>160 °C) can also lead to the formation of recalcitrants such as
furan derivatives (e.g., furfural and HMF) from the degradation of sugars [218]. Although
physical pretreatment generally promotes biomass breakdown, excessive temperatures can
induce the formation of compounds that are more resistant to microbial action, potentially
inhibiting AD. The advantages of mechanical pretreatment are simple and easy operation,
no inhibitor produced, reduced crystallinity, enhanced enzyme digestibility, increased
porosity, biomass size reduction, and low investment costs. Its disadvantages are high
operational costs due to high energy consumption, no lignin degradation, a low sugar
yield, and the need to combine with other pretreatments. Thermal pretreatment is a highly
reliable method; however, it may generate toxins and inhibitors [219].

Chemical pretreatments involve the use of acids, alkalis, or oxidizing agents to break
down the complex structures of biomass, particularly lignin and hemicellulose [220]. While
effective in enhancing digestibility, acidic pretreatments can lead to the hydrolysis and
solubilization of phenolic compounds, increasing the concentration of these recalcitrants
in the substrate [221]. Similarly, alkaline pretreatments can disrupt lignin structures but
may also result in the formation of new, more resistant aromatic compounds [222]. The
balance between breaking down complex biomass components and avoiding the formation
of inhibitory recalcitrants is crucial in chemical pretreatment processes. The advantages of
chemical pretreatments include short reaction time, high rate of delignification, decomposi-
tion of hemicellulose, reduction in biomass crystallinity and polymerization, low operating
temperature, high selectivity, and low costs. Their disadvantages include high toxicity and
corrosiveness, formation of inhibitors, possibility of condensation and redistribution of
lignin, and environment pollution [219].

Biological pretreatment employs microorganisms or enzymes to degrade lignocellu-
losic biomass selectively [223]. This method is considered more environmentally friendly
and less likely to produce recalcitrant by-products than physical and chemical pretreat-
ments. However, the efficiency of biological pretreatment can be influenced by the presence
of naturally occurring recalcitrants within the biomass, which can inhibit the activity of
the degrading enzymes or microorganisms [216]. Optimizing the conditions for biological
pretreatment is essential to minimize the impact of existing recalcitrants while avoiding
the generation of new inhibitors. The advantages of biological pretreatment are mild
conditions, low production of hazardous chemicals, and low energy consumption. Its main
disadvantages include the long reaction period and low cellulose recovery [219].

Combining different pretreatment methods can leverage the advantages of each ap-
proach while mitigating their respective drawbacks. For example, a mild thermal pretreat-
ment followed by enzymatic hydrolysis can reduce the formation of thermal degradation
products while efficiently breaking down the biomass [216]. The key to combined pretreat-
ments is to optimize conditions to maximize biomass degradation and the biogas yield
without exacerbating the formation of recalcitrants (Table 3).
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Table 3. Combined pretreatment methods for intensification of biofuel production.

Pretreatment Method

Mechanism

Substrate

Effects on Digestion

Key Findings

References

Alkali-assisted thermal

Utilizes sodium hydroxide (NaOH)
to improve the degradation of

Increased biogas yield and

CHy yield improved by 127%
with thermal pretreatment with
3% NaOH added. Optimal
reductions in cellulose,
hemicellulose, and lignin were

manure fibers by breaking down Manure fibers enhanced volatile solids o o o [224]
pretreatment recalcitrant compounds like lignin conversion. 24.8%, 29.'1 Ve and .9'5 tor
and crystalline cellulose respectively, during
’ pretreatment; 76.5% of cellulose
and 84.9% of hemicellulose were
converted to CHy during AD.
THP enhances the performance of Re?;digr;:rizlr?tdo‘(’}esﬁzcojlty’
anaerobic digestion by solubilizing - . prover -
and hydrolyzing the organic Municipal sludge, which digestibility and biogas
- typically contains production, enhancement of
component of municipal sludge at . o e THP at temperatures of
polysaccharides (20-40%) sludge dewaterability, o
Thermal hydrolysis elevated temperatures and pressures. and proteins (30-50%) pathogen sterilization, and 160-190 °C and pressures of
It involves the Maillard reaction . ! . ! 480-1260 kPa leads to the [225]
retreatment (THP) . . rovides abundant odor reduction. Formation of . g
p p
between reducing sugar and amino . 1T production of melanoidins, a
7 L reactants for the Maillard ~ substances with high color and
groups, producing melanoidins, . der THP ltraviolet (UV hi type of rDON.
which are recalcitrant dissolved reaction under ultraviolet (UV)-quenching
organic nitrogen (rDON)) conditions. ability, inhibition of side-stream
& com: o%n ds nitrogen removal processes,
P ’ and generation of rDON.
Alkali pretreatment disrupts the
lignocellulosic structure by breaking
down lignin and hemicellulose, . E.nl.la}nceme?nt of the . .
which hinders microbial access to digestibility of lignocellulosic Increases biomethane
cellulose. This increases the porosi biomass, leading to increased ~ production by 47% and reduces
Alkali pre-treatment reduces t.he degree of polymg‘iza tiotr}:, Lignocellulosic biomass, biogas production. The the retention time from 30 to
combined with and enhances the surface area for with grass, is composed enhancement in biogas yield is 20 days, which could [226]

bioaugmentation

microbial action. Bioaugmentation
involves the addition of specific
microbial strains or consortia to the
digester to target and enhance the
degradation of complex organic
matter more efficiently.

mainly of cellulose,
hemicellulose, and lignin.

attributed to the more efficient
breakdown of the biomass
structure, allowing for
improved microbial access and
activity.

significantly lower energy
production costs and make the
process more economically
viable.
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4.4. Mitigation Strategies for Recalcitrants in AD

The management of recalcitrants in AD involves a multifaceted approach, incorporat-
ing biological, physical-chemical, and chemical strategies. Each method has its advantages
and challenges, and often, a combination of strategies may provide the most effective
solution for mitigating the impact of recalcitrants on biogas production.

Biological detoxification is a strategy that leverages specific microorganisms or con-
sortia capable of degrading recalcitrant compounds into less toxic or more biodegradable
forms. This approach utilizes the natural metabolic pathways of certain bacteria and fungji,
which produce enzymes capable of breaking down complex organic molecules. For in-
stance, white-rot fungi are particularly effective in degrading lignin and its derivatives due
to their enzymatic capabilities, including laccases and peroxidases [227]. The advantage
of biological detoxification lies in its environmental friendliness and its potential for the
complete mineralization of recalcitrant substances. However, effective degradation requires
careful selection and optimization of microbial strains and conditions.

Activated carbon adsorption offers a physical-chemical method for recalcitrant re-
moval, utilizing the highly porous nature of activated carbon to adsorb a wide range
of organic molecules [228]. This method is effective for reducing the concentrations of
various recalcitrant compounds, including phenolics and other toxic substances, thereby
mitigating their inhibitory effects on the microbial communities involved in AD [229]. The
main advantage of activated carbon adsorption is its broad-spectrum efficacy and ease of
integration into existing AD systems. Nonetheless, the need for regular regeneration or
replacement of activated carbon can add to the operational costs.

Ion exchange is another technique used to selectively remove recalcitrants from AD
feedstock or effluent [230]. By employing resin materials that exchange ions based on their
charge properties, this method can effectively target and remove charged molecules such
as weak organic acids. Ion exchange is advantageous for its specificity and reversibility,
which allows for the regeneration of the resins [231]. However, it may require a multi-stage
approach to address the diversity of recalcitrants present in AD processes.

Chemical oxidation, including advanced oxidation processes, involves the use of
oxidizing agents to break down recalcitrant compounds into smaller, more biodegradable
molecules [232]. Agents such as ozone, hydrogen peroxide, and Fenton’s reagent can
generate highly reactive hydroxyl radicals capable of degrading a wide range of organic
pollutants [233]. This method is notable for its effectiveness across a broad spectrum of
recalcitrants and its potential to reduce toxicity significantly. However, the operational
costs and the possibility of generating secondary pollutants are considerations that must be
managed carefully.

Calcium oxide treatment is a relatively simple and cost-effective method for neutral-
izing acidic recalcitrants, such as weak organic acids, thereby improving the pH balance
in the AD system [234]. By reducing acidification, this approach can enhance microbial
activity and CHy production. While calcium oxide treatment is advantageous for its low
cost and effectiveness in improving the buffer capacity of AD systems, careful dosing is
required to avoid excessive alkalinity, which could also inhibit the AD process [235].

5. Conclusions, Challenges, and Perspectives

The global shift to renewable energy sources has highlighted the importance of bio-
fuels as an alternative to fossil fuels. From an ecological point of view, biofuels make a
significant contribution to reducing greenhouse gas emissions. Unlike fossil fuels, the CO,
released during the combustion of biofuels is roughly equivalent to the amount absorbed
by the biomass during its growth, resulting in a more balanced carbon cycle. Furthermore,
bioproducts such as biochar have the added benefit of sequestering carbon in the soil,
actively removing CO, from the atmosphere and thus contributing directly to climate
change mitigation. In addition to their carbon-neutral potential, the use of biofuels and
bioproducts supports sustainable waste management practices. Processes such as AD
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convert organic waste into valuable energy sources such as biogas, while reducing the
environmental impact associated with landfill disposal.

The main trends in bioenergy production include investigations for maximizing the
conversion of agricultural waste on a large scale using cost-effective methods. Searching
for cost-effective and easy methods to extract sugars, which can serve as carbon sources for
microbial fermentation, is of particular interest. In addition, hydrolysis of lignocellulosic
materials by pretreatment for the removal of lignin and hemicellulose is still considered a
component of technology that needs to be improved. In particular, in the area of biomass
pretreatment, optimizing the composition of the enzyme cocktails for lignocellulose degra-
dation has been the subject of many studies. All these approaches aim at increasing the
economic sustainability of the biorefinery.

Economically, biofuels offer a route to greater energy security by diversifying energy
sources. This is particularly important for countries with abundant biomass resources, as it
allows them to produce energy domestically and insulate themselves from the volatility
of global oil markets. In addition, the biofuel and bioproduct industries are catalysts for
job creation and economic development in rural areas. They offer new opportunities for
farmers, create jobs in processing and manufacturing, and stimulate innovation in related
technological areas.

On a societal level, the switch to biofuels can lead to improved public health through
better air quality. Since biofuels emit fewer air pollutants compared to fossil fuels, they
help reduce the incidence of respiratory and cardiovascular diseases related to air pollution.
In addition, the pursuit of renewable energy sources and sustainable materials promotes
innovation and technological progress. Research and development efforts in this sector are
leading to more efficient biomass conversion technologies, improved feedstock varieties,
and the production of novel bioproducts, all of which contribute to a more sustainable and
technologically advanced future.

Future research should focus on conducting comprehensive life cycle analyses (LCAs)
of recovery routes, to assess their environmental impact and sustainability. There is a grow-
ing interest in integrating digestate treatment processes with renewable energy systems to
minimize energy requirements and improve overall sustainability. Market development
for utilized products is another important area aimed at overcoming barriers to market
penetration and acceptance. In addition, exploring policy and regulatory frameworks that
support innovation and the adoption of valorization technologies is critical to fostering a
favorable environment for digestate valorization.

Advances in biotechnology and molecular biology are opening up promising avenues
for the development of specific enzymes that can target recalcitrant compounds in raw ma-
terials for AD. This approach is based on the creation of enzymes with increased specificity
and efficiency that are able to combat difficult molecules such as lignin derivatives, furan
compounds, and phenols. The possibility of using genetically engineering microorganisms
to produce these specialized enzymes directly in AD systems could significantly improve
the biodegradability of various feedstocks. While the prospect of tailoring enzyme cocktails
to specific feedstocks and operating conditions is tantalizing, it is held back by the high
production costs and logistical challenges associated with enzyme recovery and reuse,
which are critical to economic viability.

Nanotechnology offers innovative solutions for the detoxification of recalcitrant com-
pounds. Nanocatalysts and nanoparticles are used to either degrade complex organic
molecules or adsorb substances that inhibit the AD process. This method promises high
efficiency and specificity and could revolutionize the handling of recalcitrant substances.
However, the application of nanotechnology in AD processes is not without challenges,
especially with regard to the environmental impact and the fate of nanomaterials in AD
ecosystems, which remain a concern.

The integration of advanced pretreatment technologies into AD systems represents
a holistic strategy for dealing with recalcitrant materials. By developing processes that
both mitigate the formation of residues during pretreatment and optimize conditions
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for microbial digestion, such integrated systems can potentially reduce operating costs
while increasing biogas yields. This synergy between thermal, chemical, and biological
pretreatment methods could improve the sustainability and efficiency of the AD process.
However, the complexity of developing these integrated systems and the need for precise
operational management pose a major challenge.

Research into bioelectrochemical systems, as a novel method for dealing with re-
calcitrant substances in AD, involves the use of electroactive bacteria to directly oxidize
recalcitrant compounds. This not only reduces their inhibitory effect on AD but also gener-
ates an electric current that could further stimulate the degradation of organic matter. While
this approach offers promising prospects for increasing the efficiency of biogas production,
it is characterized by technical complexity and a high need for research to optimize system
performance and ensure scalability.

Finally, the application of machine learning (ML) and artificial intelligence (AI) to
optimize AD processes represents a groundbreaking direction for dealing with recalcitrants.
By analyzing complex datasets, ML and Al can uncover patterns and predict the outcomes
of different operational strategies, enabling the fine-tuning of pretreatment methods, mi-
crobial consortia, and process parameters. This data-driven approach aims to maximize
efficiency and minimize the impact of recalcitrant materials, although it requires extensive
data collection and the development of accurate predictive models.

Taken together, these new strategies offer a multi-faceted approach to improving the
management of residues in AD processes. Each of these strategies has its own perspectives
and challenges that need to be addressed to realize their full potential.

In addition, to overcome the challenges with the use of agricultural wastes that hinder
their sustainable implementation at the commercial level, fourth-generation biofuels should
be further investigated using techniques like nanotechnology, co-culturing, or genetically
modified organisms.
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