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Abstract: Food loss (FL) and food waste (FW) have become severe global problems, contributing to
resource inefficiency and environmental degradation. Approximately 6% of greenhouse gas emissions
(GHGs) are derived from FW, which is usually discarded in landfills, emitting methane, a gas that is
28 times more harmful than CO2. Diverting the path of FW towards the energy industry represents a
promising avenue to mitigate the environmental impact and save resources while generating energy
substitutes. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
approach was utilized to conduct a systematic literature review on 10 different conversion processes
used to convert FL and FW into energy. Anaerobic bioconversion integrated with pyrolysis emerges
as a potential eco-friendly and promising solution for FW management, nutrient recovery and energy
production in various forms, including biogas, heat, biohydrogen and biochar. Despite its potential,
the anaerobic digestion of FW still faces some challenges related to the production of intermediate
harmful compounds (VOCs, NH3, H2S), which necessitate precise process control and optimization.
Nonetheless, converting FW into energy can provide economic and environmental benefits in the
context of the circular economy. This review offers insightful information to stakeholders, academics
and policymakers who are interested in utilizing FW as a means of producing sustainable energy by
summarizing the important findings of ten different waste-to-energy processing methods and their
potential for improved energy recovery efficiency.

Keywords: food loss; food waste; energy generation; circular economy; waste-to-energy

1. Introduction

Food consumption is an integral part of human survival, but, despite great progress in
the global food chain through the expansion of international trade, large-scale agricultural
production and increased yield efficiency, a large proportion of food is still discarded as
waste. Globally, an estimated 1.3 billion tons of food are lost within the supply chain
annually, with an estimated total economic impact of around USD 1 trillion [1]. The
increasing trend of food loss (FL) and food waste (FW) in the past decade necessitates
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the implementation of effective waste reduction techniques [2]. FL and FW represent
nearly 40% of the municipal solid waste (MSW) generated globally, carrying significant
implications for post-management and processing [3,4].

The U.S. generated approximately 103 million tons of FW in 2018, originating from
the industrial (39%), residential (24%), commercial (25%) and institutional (5%) sectors [5].
Food waste management mainly consisted of landfilling (36%), repurposing for animal
feed (21%) and anaerobic digestion (10%), and only a small fraction was donated (7%) or
used to recover energy through incineration (8%) [5]. Although the majority of FW every
year is produced in China (92 million tons) and India (69 million tons), the amount of FW
per person is less than 70 kg [6,7]. The European Union (EU) produces 58 million tons of
FW per year (10% of available food), with market value of EUR 132 billion [8]. This value is
equivalent to around 131 kg/person, while, at the same time, 37 million people are unable
to afford a nutritious meal every other day [9].

Agriculture residues, along with vegetables and fruits discarded due to quality degra-
dation in the stages before reaching the consumer (production, post-harvest and processing),
are classified as FL [10]. In contrast, FW occurs at the consumption level (household, hospi-
tality sector, retail) and refers to unconsumed edible food, discarded mainly for aesthetic,
quality and safety reasons [11]. The EU Directive 2008/851 (2018) defines FW as “Food
product (including inedible parts) lost in the food supply chain, excluding food redirected to uses of
materials such as bio-products, animal feed, or intended for redistribution” [12].

The new Waste Framework Directive proposal requires Member States to implement
food waste prevention strategies based on the waste hierarchy framework (Figure 1) in an
effort to reduce food waste throughout the food supply chain [13,14]. Adopted in March
2020, Europe’s “Circular Economy Action Plan” focuses on product circularity across its
whole life cycle, especially end-of-life treatment [15]. Food waste reduction techniques
include (i) reducing the amount sent to landfill, (ii) redistributing food, (iii) treating bio-
waste or reusing it as animal feed or fertilizer and (iv) bio-waste treatment measures to
decrease the volume sent to landfill [16]. Therefore, as indicated in the frameworks, it
is clear that implementing measures to reduce waste and capitalize on by-products and
co-products is critical for an effective food waste management system. These measures
can improve circularity throughout the food waste management system, while resolving
environmental concerns effectively.
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The exploration of new solutions for FL and FW disposal is also in line with the Sus-
tainable Development Goals set by the UN, especially those regarding zero hunger (SDG 2);
clean and affordable energy (SDG 7); economic growth and decent employment (SDG 8);
infrastructure, industry and innovation (SDG 9); and sustainable cities and communities
(SDG 11).

The global issue of food waste has prompted researchers to explore innovative so-
lutions for its management. One promising avenue is the conversion of food waste into
energy. This review aims to assess the current technologies available for this purpose and
evaluate their effectiveness and environmental benefits. Despite numerous studies on
waste-to-energy technologies, there is a lack of comprehensive reviews focusing specifically
on food waste as an energy source.

FL and FW Composition

FL and FW are an appealing alternative option for organic feedstock in energy pro-
duction processes, because it avoids competition with food crops, reduces FW disposal to
landfill and lowers the overall carbon footprint. Despite this, the heterogenicity present in
FW and FL mixtures makes the energy conversion process challenging [17]. FW feedstocks
usually include a wide range of organic waste generated in different value chains, with
different moisture levels, nutrient content and physical properties [18]. Seasonal variations
in food production, cultural preferences and socio-economic factors can also affect the
FW composition [19–21]. In general, FW and FL are composed of 41–62% carbohydrates,
15–25% protein and 13–30% lipids and organic acids [22,23]. Fat exhibits the highest theoret-
ical methane potential at 1014 L/kg volatile solids (Vs), followed by protein (496 L/kg Vs)
and carbohydrates (415 L/kg Vs) [24].

The carbohydrate and protein fractions can be hydrolyzed to obtain fermentable
sugars and free amino acids, respectively, while lipids are broken down into long-chain
fatty acids (Figure 2). FW energy products include biogas, which can be used for heating
and electricity generation; biodiesel and bioethanol, used as automotive or jet fuel; and
syngas, which can be further processed into fuels or chemicals. FW processing for energy
also produces biochar, a carbon-rich material that can be utilized for soil amendment or
energy generation depending on the subsequent treatment.

1 
 

 
  

Figure 2. Converting FW components into energy.
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2. Methodology

The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA),
renowned for its systematic approach to literature reviews, was selected to ensure relia-
bility and precision in summarizing the evidence. The PRISMA 2020 checklist comprises
7 sections with 27 items to ensure the comprehensive inclusion of relevant information in
the review [25].

The database of Scopus was chosen to perform the literature review due to its extensive
use in scientific research, its advanced search capabilities and the wide range of scientific
papers available from various disciplines. The search was conducted in April 2024 using
the “title, abstract, keyword” option with the following search string: (“food waste” OR
“food loss”) AND (“energy recovery” OR “valorization”). In total, 2636 articles were cross-
checked to remove any duplicate publications, using the Mendeley software (Figure 3).
Preliminary screening was carried out by reading the titles of the articles and, if required,
assessing their abstracts. The selection of studies was based, inter alia, on their relevance,
recency and methodological rigor.
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In particular, papers were selected for full-text analysis according to the following
eligibility criteria to ensure the inclusion of the most relevant articles. The inclusion crite-
ria encompassed (a) research related to FW-to-energy methods; (b) studies reporting on
outcomes related to energy generation, environmental impacts and technological advance-
ments; and (c) articles published from 2018 until the present. The exclusion criteria covered
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the following: (a) non-peer reviewed literature, (b) studies that did not provide justified
results or included insufficient data, (c) studies whose conversion products did noy have
energy content and (d) articles not available in English.

3. Energy Recovery from FL and FW

This article includes a comprehensive review on the concept of FL- and FW-to-energy
treatment methods, the recovery impacts and the energy yield efficiency of each method. A
total of ten energy conversion techniques from organic waste are discussed and categorized
into three main categories based on the process’ underlying reactions (Figure 4): (i) thermo-
chemical conversion, (ii) biological conversion and (iii) chemical conversion. The major
thermochemical techniques include pyrolysis, incineration, gasification, torrefaction and
hydrothermal carbonization. The biological conversion processes discussed are anaerobic
digestion, dark fermentation, photofermentation and ethanol fermentation, while chemical
conversion is represented solely by transesterification. The complexities and novelties of
the aforementioned processes are included to provide insights into sustainable waste man-
agement practices, highlighting their potential to enhance the energy recovery efficiency in
line with the circular economy principles. 

2 

 
Figure 4. FW management and treatment options.

Recent studies have examined aspects like technological advancements, policy frame-
works, economic viability and the environmental impacts of waste-to-energy conversion
or specific waste-to-energy treatment processes [25–27]. However, no recent review has
provided a comprehensive review of the latest advancements in technological treatments
converting FW and FL into energy [28,29].

Biological Conversion Processes
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3.1. Anaerobic Digestion (AD)

Anaerobic digestion (AD) is a complicated biological process in which microorganisms
break down organic molecules to simple substances in the absence of oxygen, resulting in
the production of biogas and other by-products [30]. The need for sustainable FW manage-
ment and the growing significance of renewable energy has provided favorable conditions
for the development of efficient AD systems, increasing the overall global production of
biogas over the years. In the UK, the installed capacity of anaerobic digestion has increased
to 300,000 kW from just 40,000 kW in 2013 [31]. There are around 20,000 biogas plants
currently operational in Europe, collectively producing 12,173 kilotons of oil equivalents.
Germany leads the way, accounting for approximately 55% of this production, followed
by France [32,33]. There is potential for sustainable biogas production to provide up to
600 Mtoe of low-carbon energy for a variety of industries, with crop residues (agriculture)
providing half of this. The AD performance results in negative GHG emissions in the range
of −32g CO2 per ton of FW [34]. AD pathways with combined cycles (CC) and combined
heat and power (CHP) have the potential to reduce the GHG emissions by −289.1 kg and
−326.6 kg of CO2 per ton of FW, respectively [35]. Several methods and techniques have
been applied for the production of energy products, with different production yields and
conversion efficiencies (Table 1).

Table 1. Production yield and efficiency of energy products from FW.

Product Method Production Efficiency Rate Reference

Biohydrogen and
Biomethane

Continuous two-stage anaerobic
digestate recirculation system
(recirculation rate at 0.3)

135 mL H2 per g Vs
510 mL CH4 per g Vs 70% [36]

Biogas Combination of anaerobic digester
and biogas engine 550 mL CH4 per g Vs 47% (biogas engine) [37]

Biogas and Biomethane Temperature-phased (two-stage)
anaerobic digestion

0.759 L biogas per g Vs and
0.454 L methane per g Vs 78.55% [38]

Biogas Two-stage anaerobic co-digestion
(+paper waste) 2.75 L/L/d 67% [39]

Biomethane Two-stage anaerobic digestion
(wheat straw + rape oil cake) 28 mL CH4 per g Vs 58.3% [40]

Biohydrogen and
Biomethane

Two-stage anaerobic
digestion (vinasse)

14.8 mL H2 per g Vs
274 mL CH4 per g Vs 64.5% Vs [36]

Biomethane Two-stage anaerobic digestate
recirculation system 438 mL per g Vs 82.3% [41]

Biomethane Two-stage anaerobic
digestate system 478 mL per g Vs 70.1% Vs [42]

Biohydrogen and
Biomethane

Two-stage anaerobic co-digestion
with the addition of brown water

99.8 mL H2 per g Vs
728 mL CH4 per g Vs 52.5% Vs [36]

Biogas
Anaerobic digestion coupled with
combined heat and power
(CHP) unit

120 m3 per ton FW [43]

Biomethane Mesophilic anaerobic digester 254 to 630 mL CH4 per g Vs [44]

Biogas Three-stage anaerobic
digestion system 0.52 m3 per kg Vs 77.5% [45]

AD is applied as a biological treatment for organic waste such as municipal solid waste,
FW, industrial waste, sewage sludge, animal manure and agriculture waste, transforming it
into biogas [46]. Biogas is mainly composed of 50–75% methane (CH4) and 25–50% carbon
dioxide (CO2), along with hydrogen sulfide (H2S), hydrogen (H2), ammonia (NH3) (1–2%)
and small amounts of other gases, like oxygen (O2) and nitrogen (N2) [47]. The purification
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of biogas can increase the level of methane content to 99%, resulting in the formation of
biomethane, which is suitable for injection into natural gas grids, as a vehicle fuel for
transportation or simply for electricity production [48]. AD comprises a complex four-
stage process that involves multiple stages of physicochemical and biochemical reactions
occurring in sequential and parallel routes (Figure 5): (i) hydrolysis, (ii) acidogenesis,
(iii) acetogenesis and (iv) methanogenesis [49,50].
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The feedstock characteristics, such as the nutrient content, particle size and presence
of inhibitory compounds, affect anaerobic digestion. The organic loading rate, pH, tem-
perature, retention time, mixing, hydrogen concentration, moisture content, quality and
quantity of inoculum, bioreactor and process configuration are the process parameters that
influence biogas production [51,52].
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3.1.1. Hydrolysis

AD begins with the hydrolysis of FW substrates, where those with a high molecular
weight, like carbohydrates and protein, as well as lipids, are converted into smaller com-
pounds such as peptides, amino acids and soluble sugars or fatty acids [53]. The first stage
is carried out by bacteria (Bacteroidetes, Firmicutes and Proteobacteria) that secrete hydrolytic
enzymes, followed by anaerobic fungi like Neocalimastix, Piromyces and Orpinomyces, which
are able to degrade cellulosic material. The hydrolysis rate is influenced by the bacterial
concentration, enzyme production and adsorption on the surface of the substrate. FW
pretreatment can increase the available surface area for bacterial activity, enhancing biogas
production. The optimum environmental conditions, with a pH ranging between 5 and
7 and a temperature of 30 ◦C to 50 ◦C, further enhance the microbial activity [54]. Due to
the complex nature of feedstocks, the hydrolysis phase is considered a rate-limiting step.

To address this limitation and speed up the hydrolysis rate, a pretreatment process
is used on the substrate before undergoing this step to increase the FW solubility by
weakening its cell wall structure [55]. Moreover, this process increases the surface area of the
FW substrate, improving the biodegradability of the FW, resulting in higher biogas yields
and reducing the retention time. The FW pretreatment methods can be categorized into
mechanical, chemical, physical and biological pretreatments. Table 2 shows the methods
employed in each category, along with their benefits and limitations [49].

Table 2. Pretreatment methods involved in AD.

Pretreatment Method Category Benefits Limitations Reference

Size Reduction Mechanical Increases surface area
for digestion Energy-intensive operation

Ultrasonic Mechanical Reduces hydrolysis time
by 50%

Non-uniform heating and limited
penetration depth [56,57]

Acidification and
Alkalization Chemical Able to break down

lignocellulosic substrates

Has the potential to corrode the
equipment. Not suitable for
substrates with higher
carbohydrate content, like FW

[58]

Microbial Activity Biological Environmentally friendly
approach

Requires longer processing times.
Relies on the environmental
conditions and
microorganism’s activity

[52]

Thermal Treatment Physical
Breaks down complex
organic compounds and
cell membranes

Requires large energy expenditure [57]

Microwave Treatment Physical Reduces volatile solids Bulky feedstock makes uniform
heating challenging [59]

Thermochemical Hydrolysis Physicochemical Rapid treatment and high
efficiency

Requires specialized equipment
and use of chemical reagents [57]

3.1.2. Acidogenesis

The hydrolysis reaction is catalyzed in the next phase by acidogenic bacteria. During
acidogenesis, the substrates generated from hydrolysis are converted into intermediate
fermented products. Amino acids, soluble sugars and fatty acids are further decomposed
into short-chain carboxylic acids (SCCA), alcohols and volatile fatty acids (VFA) such
as acetate, butyrate, isobutyrate, propionate and valerate [60]. The by-products from the
acidogenesis process are CO2, H2S and NH3. VFA production is carried out by fermentative
microorganisms belonging to the genera of Bacillus, Salmonella, Streptococcus, Escherichia
and Lactobacillus [61]. An increase in the VFA concentration is responsible for the pH drop
to between 4.5 and 5.5, activating the acidogenic and acetogenic bacteria to produce acids.
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3.1.3. Acetogenesis

The resulting acids in the acidogenesis steps are used as substrates by acetogenic
bacteria, which convert VFAs into acetate compounds, H2 and CO2. Acetogenic bacteria
are very sensitive to high concentrations of hydrogen. Hence, this stage is characterized by
a syntrophic relationship among acetogenic bacteria and hydrogenotrophic methanogens,
which maintain the hydrogen pressure at a low level [62]. The acetogenesis stage can
produce 70% of methane during the reduction of acetate. The acetogenic bacteria engaged
in this process belong to the Clostredium, Syntrophomonas and Syntrophobacter genera [63–65].

3.1.4. Methanogenesis

Methanogenesis is the final stage of AD, in which acetate, H2 and CO2 are utilized
by methanogenic bacteria, producing methane (CH4) as a metabolic by-product. Methane
production can occur via two pathways: acetotrophic or hydrogenotrophic methanogen-
esis [66]. The first pathway, as the name implies, utilizes acetate as the main substrate,
whereas, in the latter pathway, hydrogen serves as the reducing agent for CO2. Microor-
ganisms belonging to the Methanosarcinaceae and Methanosaetaceae families are the most
prevalent acetotrophs. Hydrogenotrophic methanogens’ activity is crucial in maintaining
the process’ stability, as they maintain the hydrogen levels at levels conducive to stable
acetogenesis [67].

Out of the four stages of AD, this step is the slowest and highly depends on the
H2 concentration for the rate of CH4 production. Enriching the feeding bioreactor with
H2 molecules can speed up the process by accelerating the activity and the number of
hydrogenotrophic methanogens [64]. Nanotechnology can offer innovative solutions in
resolving issues related to the methane yields and retention time in anaerobic procedures.
Electromethanogenesis is one such cutting-edge approach that utilizes nanomaterials to aid
the electron transfer mechanism [64]. Xiao et. al. found that conductive carbon nanotubes
can accelerate methanogenesis by stimulating the synthesis of proteins involved in acetate
oxidization [68]. The addition of conductive materials such as magnetite and granular active
carbon was also found to increase methane production [69]. Acclimatizing sludge with
sulfidated nanoscale zerovalent iron (S-nZVI) has shown promising outcomes regarding
the treatment of FW. This approach significantly enhanced the microbial activity, which
in turn led to increased methane production [70]. The recommended pH concentration
level for the activity of acetotrophic and methanogenic bacteria is above 6.5, with pH 8.5 to
9 leading to higher methanogenic activity [71].

3.1.5. One-Stage vs. Two-Stage Anaerobic Digestion

The two-stage AD system holds the potential to further increase the energy recovery
and process stability over the single-stage configuration. In two-stage AD, hydrolysis–
acidogenesis occurs in the first reactor, followed by acetogenesis and methanogenesis in
the second reactor [72]. This facilitates the diverse functioning of the microorganisms
involved, as each stage can be regulated to ensure the optimum growing conditions for the
microbial communities. Two-stage AD is characterized by a higher capital investment but
offers the benefit of increased methane yields (10–30%) and the opportunity to produce
value-added products [73]. Similar results were reported by Xiao et al., who estimated
the average biogas yield for a two-stage system at 0.810 ± 0.13 L/g and for a single-
stage system at 0.775 ± 0.20 L/g [74]. García-Depraect et al. [75] demonstrated that by
implementing a lactate-based two-stage AD method, the bioenergy recovery rate from FW
can be doubled. However, under certain conditions, energy losses can occur during the
hydrolytic–acidogenic step in two-stage AD due to the formation of hydrogen and carbon
dioxide, which can lead to the single-stage reactor outperforming its counterpart [76].

3.1.6. Co-Digestion in Anaerobic Treatment (AcoD)

The heterogenous composition and high moisture content of FW can be problematic
and challenging for anaerobic digestion. Impurities related to high salt concentrations,
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protein content (leading to the formation of free ammonia) and hydrogen sulfide can disrupt
microbial activity, leading to inefficiencies in biogas production [77–79]. Co-digestion has
been proven to enhance the biogas quality and quantity by offering solutions to issues
related to the FW composition. This treatment is also known as co-substrate digestion
and incorporates the simultaneous processing of two or more different types of organic
waste, promoting synergistic effects between the substrates [80]. Additionally, the balanced
nutrients of co-digestion cause positive shifts in the microbial community, promoting the
dilution of toxic substances and improving the AcoD efficiency [81].

Animal manure is a common substrate for co-digestion, due to its high availability,
its high buffering capacity against VFA accumulation and its continuous supplementation
with bacteria [82]. Studies have explored the mixing of Parthenium hysterophorus weed
with different ratios of FW, achieving a maximum yield of 559 mL/L/day at a 60:40 ratio
of FW to Parthenium weed [83]. The two-stage co-digestion of FW and activated sludge
enabled higher biogas quality (26%) and volatile solid removal (9%) compared to two-stage
digestion with a single FW [84]. Biochar, utilized as an additive in an FW and sludge co-
digestion system, reportedly enhanced the methane yield and mitigated VFA accumulation
due to its alkalinity, high surface area and micro- and macronutrients [85]. Another study
created a mixture of FW and sewage sludge combined with a piggery effluent at a ratio of
1:0.39:1, achieving an increase in the methane yield to 294 mL/g total solids (TS), compared
with 138 mL/g TS in the single digestion of sewage sludge. The abundance of trace
elements found in sewage sludge and swine waste provides a favorable substrate for the
establishment of syntrophic and symbiotic interactions within microbial communities [86].
A review carried out by Chow et. al. [87], with agricultural waste and FW co-digested
with wastewater sludge, found that the methane yield could be improved from 18 to 67%
compared to the mono-digestion of wastewater sludge alone. The AcoD of 95% FW and 5%
process water obtained from garden and park waste through hydrothermal carbonization
treatment enhanced the diversity of bacteria and the hydrolytic activity, resulting in a
higher methane yield and showing synergistic effects (10%) over FW digestion [88].

3.2. Dark Fermentation

Dark fermentation is a biological process in which fermentation solely relying on the
activity of microorganisms, like Bacillus cereus, Thermoanaerobacterium spp., Clostridium
butyricum and Clostridium acetobutylicum, breaks down the organic substrate to produce
hydrogen [89]. Unlike photofermentation, dark fermentation—as the name indicates—is
completed in dark and anoxygenic conditions. The optimum yield efficacy varies depend-
ing on the feedstock used, bacterial strain, pH, temperature, hydraulic retention time for
continuous processes, partial pressure of hydrogen and pretreatment method [90,91]. The
values of the pH and partial pressure are the main factors determining the hydrogen yield,
with lower pH (<5) conditions and negative pressure (40.52 kPa) favoring hydrogen pro-
duction due to the inhibitory effect on methanogenesis. Nonetheless, dark fermentation’s
main drawback is the very low hydrogen yield [92,93]. This is typically because hydrogen-
consuming bacteria reduce H2 to CH4 and organic acids, leading to only 33% conversion
rate efficiency in the substrates’ chemical oxygen demand (COD) [94]. Studies on the main
agricultural lignocellulosic biomass products found that the biohydrogen production yield
had a negative correlation with the lignin content. The values varied significantly, with the
lowest hydrogen production (12 mL H2/L) obtained from cashew apple bagasse (35.26%
lignin) and the highest of 7019 mL H2/L for sugarcane bagasse (8.3% lignin) [89].

Strategies involving the suppression of methanogenic activity and the promotion of
the growth of hydrogen-producing bacteria can enhance the hydrogen yield [95]. Pretreat-
ment methods employed to inhibit hydrogen-consuming bacteria include heat treatment,
aeriation and electroporation [96–98].
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3.3. Photofermentation

Photofermentation is a biological process that involves the fermentation of organic
matter in the presence of photosynthetic non-sulfur bacteria, producing cell energy (ATP),
hydrogen and CO2 [99]. The process is suitable for anaerobic conditions under sunlight or
artificial light, enabling the photosynthetic non-sulfur bacteria to complete the conversion
of the substrate into hydrogen energy and other products [100]. Although sunlight is freely
available, it is highly affected by external environmental factors (e.g., clouds, warmth),
making artificial light the preferred option due to its controllable homogeneity, intensity and
minimal heat generation [101]. In photofermentation, certain bacteria, such as Rhodovulum
sulfidophilum, Rhodobacter capsulatus, Rhodospirillum rubrum and Rhodopseudomonas palustris,
are used [102,103].

In theory, the photofermentation yield efficiency is higher than in dark fermentation
(1 mol of H2/mol) as 2 mol acetic acid and 4 mol of water can generate up to eight mol of
H2 and 2 mol CO2. A study compared the two processing methods with photofermentation,
yielding 870.26 mL H2/g of total volatile fatty acids (TVFA), compared to dark fermentation,
which produced 226.24 mL H2/g TS [104]. The photofermentative hydrogen production
efficacy is mostly influenced by the light quality and intensity and other factors like
the type of substrate, bacterial strain, temperature and pH. Under constant conditions,
a high light intensity (7000 Lux) with a higher mixing speed (150 rpm) obtained the
highest hydrogen yield, with 78.1 mL/g TS produced [105]. However, dynamic mixing
(50-150-50 rpm) and dynamic lighting (4000-7000-4000 Lux) obtained better results, yielding
84.7 mL/g TS hydrogen and light conversion efficiency of 36.3% [105]. Turon et al. [106]
employed light-emitting diode lamps at visible and near-infrared wavelengths, which do
not generate heat, achieving a hydrogen flow rate of 93 mL/l/h. The optimum conditions
for maximum productivity vary depending on the bacterial strain and substate used, with
the pH ranging from 6.0 to 7.5 pH and a temperature of 30–35 ◦C [107–109]. A similar
study carried out by Barghash et al. (2021) showed that the environmental conditions of pH
6.0, a temperature of 37 ◦C and 100 rpm agitation were optimal for hydrogen production,
attaining 5.75 mL/L [110]. Regarding photofermentation using bread waste as a substrate,
the use of Lactobaccillus amylovorus for lactic acid production, followed by R. palustris,
yielded 3.1 mol H2/glucose [111].

Photofermentation in combination with dark fermentation has the potential to increase
the biohydrogen yield, resulting in a sustainable FW management system. The syntrophic
relationship among the dark- and the photofermentative bacteria resulted in a 134% increase
in yield and a 67% increase in substrate utilization, due to the increased pH, decreased
oxidation–reduction potential (ORP) and volatile fatty acid (VFA) levels observed [112].

Chemical Conversion Processes

3.4. Transesterification

Biodiesel produced from oily FW is one of the most promising alternative renewable
fuel sources as it recovers energy from waste, and it is characterized by its biodegradability,
low emission profile and nontoxicity, while reducing the dependence on fossil fuels and
mitigating environmental pollution [113].

Transesterification is defined as a chemical process that converts triglycerides from
various feedstocks into fatty acid methyl esters (biodiesel), in the presence of alcohols,
with glycerol as a secondary product [114]. Methanol and ethanol are the most widely
employed alcohols in this process because they are low-cost and readily available. Cooking
oil is the most preferred feedstock for biodiesel production, boasting a high production
yield of 97.7% w/w, while avoiding the environmental implications associated with its
disposal in drainage systems or into soil [115]. The production of oil biodiesel by utilizing
vegetable or animal waste has the potential to reduce GHG emissions by 83% (14 g CO2/Mj)
in relation to fossil fuels throughout the lifecycle of biodiesel [116]. Despite the high oil
content, waste cooking oil faces two major challenges: the high free fatty acid concentration,
which triggers emulsion creation, and the high percentage of unsaturated fatty acids, which
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promotes fast oxidation, compromising the biodiesel’s durability [49]. The use of an acid
catalyst through the esterification process has the potential to reduce the free fatty acid
concentration before the transesterification process [49].

Other feedstocks suitable for transesterification include nonedible oil seeds, plant oils,
animal fats or tallow, FW, microbial lipids or single cells from algae or oleaginous yeasts
and oils from filamentous fungi and bacteria [117,118]. Researchers have also investigated
fungal hydrolysis using various types of yeast, such as Yarrowia lipolytica and Lipomyces
sp., as a pretreatment method for lipid extraction from agricultural products [119,120]. The
biodiesel production yield efficiency and cost-efficiency notably depend on the feedstock
oil content, which typically ranges between 6 and 30% of dry matter. The biodiesel yield is
also highly influenced by the catalyst concentration, reaction time, reaction temperature,
methanol ratio and stirring speed [121,122]. A recent study utilized a hexane–methanol
(19:1 ratio) mixture to extract lipids from dry microalgae, representing a prominent strategy
to be used for the green energy transition [123].

The transesterification process can be employed through two different pathways:
catalytic transesterification and non-catalytic transesterification. The first pathway uses
a catalyst to facilitate the reaction between triglycerides and alcohols, speeding up the
process by decreasing the activation energy and achieving a higher biodiesel yield. The non-
catalytic pathway avoids the saponification problems associated with the use of catalysts,
eliminating the need for biodiesel purification [124]. Nevertheless, it requires a longer time
to achieve conversion, as well as a higher temperature and pressure to ensure efficient
output production, raising the operational expenditure.

Catalysts are classified based on their composition as homogenous, heterogeneous or
enzymatic or based on their chemical properties as acids, bases or enzymes. Homogeneous
acid or alkaline catalysts’ affordability and high yield potential make them an appealing
option. However, this category of catalysts poses severe environmental problems caused by
the potential for equipment corrosion, excessive wash-water usage and water contamina-
tion [125]. On the other hand, due to the simplicity of use, the low cost and the possibility
for the reuse and recycling (catalyst–product separation) of heterogenous catalysts, they
have long been established as the most preferred option. Lipase is identified as one of the
most promising enzymes for biodiesel conversion, suggesting the potential of leveraging
biotechnology focused on microorganisms capable of producing lipase enzymes, which
can endure extreme processing conditions [121,126].

The transesterification of kitchen waste at a 52.5 ◦C reaction temperature assisted
with the ultrasound reaction, resulting in 93.2% w/w fatty acid methyl ester (FAME)
conversion [127]. A rather unique treatment method converted FW nutrients into lipids
by using the black soldier fly Hermetia illucens, a fast FW consumer, with the larvae stage
directly used as a substrate for biodiesel production (93.8 wt% yield) [128]. Another study
created a two-step transesterification process and cultivated the heterotrophic microalgae
Auxenochlorella protothecoides, generating 248.21 g FAME per 1 kg FW with 84 to 88%
efficiency [129].

Thermochemical Conversion Processes

3.5. Incineration

Incineration allows for the recovery of energy content from FW, reducing the reliance
on landfills when other waste management options are unsuitable or not available [130].
This is exemplified by the Philippines, which is the only country in the world to ban
incineration due to air quality concerns, leading to a more severe problem of landfill
management [131]. The incineration method involves the burning of organic substances
in waste materials at high temperatures, converting them into heat, which can be used
to power steam turbines and generate electricity [132]. The burning temperatures exceed
750 ◦C and can reach up to 1100 ◦C, reducing the total waste mass by 70% and the total
waste volume by up to 80–85%, substantially reducing the volume for disposal. The
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incineration of FW requires additional fuel or pretreatment, due to its high moisture
content and low calorific value [133–135].

FW is usually disposed of through the general flow of MSW. This practice offers
synergistic advantages, as MSW can increase the calorific value of the mixture, while the
high ammonia concentration in FW can react with NOx gases, reducing the emissions
released during the process [135]. The incineration process of MSW eventually leads to the
production of two main solid by-products: bottom ash and fly ash [136]. Both by-products
need to be properly disposed of to avoid the environmental impact associated with the
inorganic content, which contains heavy metals [137]. Recent advances have explored the
potential for the production of green eco-cement that entirely utilizes MSW incineration
residues, as an environmentally friendly alternative [138]. Fly ash and bottom ash are
widely used in the construction sector as a substitute or enhancing material for existing
construction materials [139,140].

The combustion of waste also generates flue gas, which contains a mixture of air
pollutants such as SOx, COx, NOx, polyaromatic hydrocarbons and particulate matter [94].
Exposure to the toxic air emissions from incineration plants has been associated with
increased risks of neoplasia among the nearby population, including bowel cancer, soft
tissue sarcoma and congenital anomalies [141]. People working in incineration plants have
reportedly been found to exhibit significantly higher concentrations of heavy metals in
their bloodstreams, as well as increased levels of dioxins. Specifically, the polychlorinated
dibenzodioxin (PCDD/dioxin) levels were up to 4.7 times higher and the polychlorinated
dibenzofuran (PCDF) levels were 21.2 times higher in male ex-employed workers in Osaka,
Japan, compared to the local residents [141]. However, mitigating the potential human
health risks and environmental issues associated with air pollution can be achieved with
the improvement of air control systems. Technological developments in air pollution
control systems serve to reduce the release of dangerous substances into the atmosphere
and optimize the electricity-to-heat ratio for maximum energy production [142].

Results indicate that incineration of FW can produce heat valued at 37.7 kJ/g TS heat or
172–338 kWh per ton of FW [134,143]. Ali et. al. estimated that, utilizing the daily fraction
of generated MSW, 27.18 MW of energy can be generated, which is enough to power five
million houses, assuming the average consumption of 500 W per household [144]. Report-
edly, the combustion of MSW worldwide in 2020 amounted to 1.47 exajoules, encompassing
both heat and power generation [145].

3.6. Pyrolysis

Pyrolysis offers a promising solution for the management of FW in a sustainable
manner, effectively mitigating concerns associated with the release of harmful gases (NOx
and SO2) and the volatilization of fly ash during incineration [146]. Pyrolysis involves the
thermal decomposition of solid materials in the absence of oxygen at high temperatures,
unlike other thermal treatment methods (incineration and gasification), where oxygen is
required [147]. Depending on the operating conditions, pyrolysis can be classified into
fast, slow, intermediate and flash pyrolysis, obtaining three major energy products, biochar,
bio-oil and biogas, as final products (Table 3). The selection of the operating conditions,
reactor type, feedstock and catalyst (if any) is driven by the desired final product yield [94].
The moisture in the organic matter needs to be removed (1% w/w content) before initiating
the thermal processes of fast and flash pyrolysis. This step can enhance the pyrolysis
efficiency and favors the production of bio-oil and biogas over biochar. The heat released
during pyrolysis can be utilized for the drying of organic materials, reducing the need for
additional energy for drying procedures.

Bio-oil is the most promising energy source compared to other pyrolysis products
(biogas and biochar), with high energy content and several applications (steam turbine,
vehicle and aviation fuel). Agricultural residues treated at temperatures of 450–500 ◦C
resulted in a 30% biogas yield, effectively pyrolyzing 80% of the biomass [148]. FW collected
from catering and households reached the maximum yield potential for biochar (40.3%)
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and bio-oil (34.9%) at 400 ◦C, while the maximum yield of biogas (43.1%) was noted at
700 ◦C [149]. Nonetheless, an increase in temperature over 400 ◦C improved the quality and
stability of the bio-oil, resulting in a three-times-higher aromatic concentration at 700 ◦C. In
general, high temperatures favor biogas formation, while, at low temperatures, the biochar
yield is increased, reflecting a contrasting effect [150].

Slow pyrolysis operates at low temperatures, benefiting the production of solid car-
bonaceous char, known as biochar. Biochar has seen several applications as an enhancement
to wastewater treatment, for carbon sequestration, as a soil amendment agent, in flue gas
cleaning, as a building material and in metallurgical and agricultural applications, because
of its porous structure [151–158]. Biochar produced from the pyrolysis of tomato waste
at 350 to 550 ◦C led to a significant increase in the specific surface area of 288 and 1415%,
respectively, making it a suitable soil amendment or sorbent material [159]. Biochar can
also be used as a solid fuel in the pyrolysis process, providing the necessary heat required
for the drying of FW or the heating of the reactor [160].

Table 3. Operating conditions and bio-product yield efficiency of four different pyrolysis configura-
tions [155,156].

Slow Pyrolysis Intermediate Pyrolysis Fast Pyrolysis Flash Pyrolysis

Target High biochar yield Separable bio-oil,
high-quality biochar High bio-oil yield High bio-oil yield

Heating rate 0.1–1 ◦C/min 1–10 ◦C/min 1000 ◦C/min >700 ◦C/s

Vapor residence time 5–30 min 0.5–20 s <2 s <0.5 s

Temperature <400 ◦C 400–500 ◦C 500 ◦C 750–1050 ◦C

Biochar yield (%) 20–50 35–50 60–75 60–75

Bio-oil yield (%) 25–35 25–40 10–25 10–25

Biogas yield (%) 20–50 20–30 10–30 10–30

The yield of biochar obtained from FW decreases from 33.3 to 24.8% as the tem-
perature increases from 500 to 800 ◦C [161]. Studies also have reported that waste ce-
real pyrolysis resulted in a 11.2 MJ/m3 lower heating value (LHV) for gaseous prod-
ucts [162]. The solid product had a higher heating value (HHV) of 31.44 MJ/kg and LHV
of 30.27 MJ/kg. The pyrolysis of FW in a solid digestate resulted in gas with an estimated
LHV at 20.52 kJ/Nm3 [162]. FW subjected to thermo-catalytic reforming (TCR) pyrolysis
produced bio-oil with a HHV at 36.72 MJ/kg, a value comparable to biodiesel. The perfor-
mance of CaO, CuO and MgCl2 catalysts was evaluated as a means to enhance the bio-oil
yield, with CaO and CaCO3 also proving beneficial for the formation of hydrocarbons [163].
In a case study in Qatar, calculations were carried out using the Aspen Plus software
for different FW mixtures. The optimum yield of solid biochar reached 41.81%, with a
slight decrease in ash and carbon content when some components—banana peel, mango
endocarp, orange peel and tea waste—equally constituted the mixture [164]. The slow
pyrolysis of agro-food waste at 300 ◦C yielded the maximum biochar yield (52.4 wt%) but
with the lowest carbon content (51.7 wt%), in contrast to pyrolysis at 600 ◦C, which resulted
in a lower yield (28 wt%) but higher carbon content (60.7 wt%). The same study reported
that pyrolysis at 500 ◦C had the highest production efficiency (42.4 wt%) [165].

The European Biochar Certificate (EBC) has established upper limits for the ratios
of hydrogen to carbon (H/C) and oxygen to carbon (O/C) in biochar at <0.7 and <0.4,
respectively. Several studies have reported biochar to exhibit a 0.29–0.7 H/C ratio and
a 0.12–0.41 O/C ratio, indicating the high quality and applicability of biochar produced
from FW pyrolysis. The H/C and O/C ratios improve as the temperature rises above
400 ◦C [166].
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3.6.1. Co-Pyrolysis

Co-pyrolysis is another common type of pyrolysis that is carried out using two or
more feedstocks that exhibit a synergistic effect, improving the overall quantity and quality
of the bio-oil without modifying the equipment [167]. In a co-digestion configuration, the
application of tire waste reduced the oxygenated compounds, while microalgae lowered the
acid levels [168]. Both options resulted in an increase in hydrocarbon content, improving
the quality of the produced bio-oil. The co-pyrolysis of 87% FW and 13% low-density
polyethylene at 550 ◦C was able to generate 42 wt% of bio-oil [168].

The sustainability of pyrolysis is set to be further improved as adsorbents and materials
that can capture the gaseous or liquid mixtures released after the pyrolysis of FW are under
development [169]. Researchers have explored the potential of vermicompost-based FW
activated carbon, which holds potential as a more environmentally friendly electrode
material in supercapacitor applications, acting as an energy storage device [170].

3.6.2. Integrated Pyrolysis and Anaerobic Digestion System

Pyrolyzed biochar integrated with AD can enhance methane production by 47.3%,
as it contains spherical crystalline structures of calcium carbonate, which can mitigate
the effects of NH4

+, N and Na+ on mycelial growth (Figure 6) [171]. A techno-economic
analysis study investigated the potential benefits of separately treating the FW liquid and
solid fractions, using AcoD and pyrolysis systems, respectively. The FW slurry fraction
yielded 572.88 mL/gVsFW of biomethane, almost double compared to treating the whole
FW (294.37 mL/GVsFw) [172]. Concerning the system’s efficiency, the LHV of the biogas
derived from the FW was slightly higher at 20.52 kJ/Nm3 compared to the FW solid phase
(8%). Nonetheless, the pyrolytic oil and biochar derived from the FW solid phase exhibited
superior characteristics, with the biochar having a surface area that was 10 times higher and
the bio-oil containing elevated levels of aliphatics. Notably, the pyrolysis of the FW solid
phase resulted in reduced emissions of nitrogen-containing pollutants, suggesting that this
is a more environmentally friendly method [161]. The separation of the solid and liquid
phases of FW poses a significant advantage as the pyrolysis pretreatment (drying) of FW
and post-treatment AD (digestate handling) are no longer required [173]. This integrated
approach results in a negative carbon footprint of −1.726 kg CO2 eq./kgFW when combined
and is considered to be a cost-effective strategy to improve AD’s efficacy [174].
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3.7. Torrefaction

Torrefaction refers to mild pyrolysis at around 200–350 ◦C to improve the chemical
properties and energy potential of the FW biomass [175]. This process is an appropriate pre-
treatment for lignocellulosic-rich and high-moisture FW, effectively removing the moisture
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and volatile compounds from the substrate [176]. Torrefied FW’s advantages are related
to its improved grindability, the ease of microbial degradation and the production of a
dry and more energy-dense material [177]. Depending on the torrefaction temperature
and FW substrate, 56.9–82.4% of oxygen can be removed, resulting in higher yields of
gases and solid biochar [178]. Nonetheless, the process comes with the disadvantage that
dioxin contaminants may remain in the final biochar product [179]. After treatment at
temperatures around 225 ◦C for 1 h, the mass yield was 85.16% for biochar and 9.68% for
bio-oil, while, at 275 ◦C for 3 h, the biochar yield was 48.32% and the bio-oil yield was
28.45%. Abdul et al. employed torrefaction in a tubular reactor to study the effect of the
temperature (220 to 260 ◦C) and residence time (15–60 min) on the properties of biochar
produced from torrefied FW [180]. The results showed that an increase in temperature
and residence time leads to an increase in carbon content and a decrease in hydrogen and
oxygen. The HHV was also observed to increase from 19.15 MJ/kg to 23.9 MJ/kg after
60 min of torrefaction at 260 ◦C [180].

3.8. Gasification

Gasification is characterized as a low-pollution thermochemical process that is similar
to pyrolysis [181]. Both methods convert organic feedstocks into valuable syngas com-
posed of CO, H2, CO2, CH4, and H2O and by-products including low-molecular-weight
hydrocarbon gases, ash and biochar particles. The difference in gasification occurs under
the controlled presence of an oxidization medium (oxygen, steam, air, CO2) at high tem-
peratures ranging from 800 to 1200 ◦C (Figure 7) [182]. The calorific value of the syngas
decreases with the increasing temperature of gasification, regardless of the oxidization
medium [183]. The syngas produced from gasification usually contains traces of contami-
nants or undesired components such as tar, NH3, HCN, H2S, COS, halides (HCl) and trace
metals [184]. Subsequently, the produced gas requires purification before its final use as a
fuel for gas engines and gas turbines or for the synthesis of chemical products [185]. The
gasification process includes a reduction phase, wherein the producer gas is refined into
syngas or fuel. Nickel-, iron- and mineral-based catalysts exhibited good removal results
for tar, as well as Ru- and Ni-based catalysts for NH3 [184].
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Koshariya et. al. [186] analyzed the influence of several catalysts, with NaHCO3
recording 12.9 mol/kg hydrogen production and efficiency of around 43%, compared
to 30% efficiency with no additives. The results also revealed that the hydrogen and
methane production yields generated during gasification had a positive correlation with the
temperature and hydrogen reaction, while the effect of the reaction duration and reaction
temperature was limited [186]. The presence of high nitrogen and sulfur concentrations has
a potent poisoning effect on the catalysts, as they release NOx/SOx emissions. During the
gasification process, sulfur is released as H2S and nitrogen generates NH3 emissions [187].
The segregation of organic waste from MSW serves as a promising pretreatment method
for electricity production, yielding between 368kW and 770 kW per ton of processed MSW
depending on the type of turbine [188]. Operating at lower temperatures in the same
system, it is possible to gain larger volumes of syngas with high calorific value.

3.8.1. Steam Gasification

Steam gasification is known for the high reactivity between steam and hydrocarbon,
offering a higher yield of hydrogen from FW compared to the common method of air
gasification [189,190]. An increase in the steam flow rate promotes methane reformation
and the water–gas shift reaction, improving the gas quality [191]. The choice of steam as
an oxidization medium is the most environmentally friendly solution, emitting 2.32 kg
of CO2/kg of product [189]. Reportedly, steam gasification is highly efficient, producing
double the calorific value (11.2 MJ/Nm3) from wood biomass compared to air gasification
(5.3 MJ/Nm3) [192]. Huynh [193] et al. examined the injection of 40% pure oxygen prior
to mixing with steam, indicating a notable rise in H2 production of between 32 and 70%
depending on the type of biomass. Xu et al. reported that the conversion of FW into hydro-
gen results in a significant hydrogen production capacity of 1.2t/h [194]. Kitchen waste
processed with a low-temperature steam gasification method yielded 0.95 m3/kg syngas
and 0.62 m3/kg hydrogen at 700 ◦C, while treatment at 800 ◦C produced 1.2 m3/kg syngas
and 0.70 m3/kg hydrogen [191]. These results indicate that with increasing temperatures,
the syngas yield is improved without affecting the hydrogen fraction in the syngas. The
steam co-gasification of FW with woody biomass arranged in a tubular reactor achieved
99.7% carbon conversion and produced 888.7 l/kg gas with a reactor temperature of 900 ◦C
and a steam flow rate of 22 g/h [195].

3.8.2. Fischer–Tropsch

The syngas produced from gasification can be fed into a Fischer–Tropsch reactor,
where a catalytic reaction converts the CO and H2 in the syngas into liquid hydrocarbons
(fuel) [196]. Fischer and Tropsch’s experiments used four different configurations and
demonstrated a potential biofuel yield of 91 to 116 g from 1 kg biomass, with the higher
yield obtained in the FT system with steam-based gasification and hot gas cleaning [197].

3.8.3. Plasma Gasification

Plasma gasification is an energy-intensive process, converting biomass into high-
quality syngas and by-products under extreme temperatures (2000 to 14,000 ◦C), thus
consuming a significant amount of electricity [198]. Nonetheless, the high energy effi-
ciency coupled with the absence of harmful substances in the product makes this new
technology attractive [199]. Operating at a plasma energy ratio of 0.25 for the processing
of kitchen waste powder, the syngas concentrations peaked, with CO and H2 concen-
trations of 26.6 and 10.0%, respectively [200]. The estimated running cost of the system
is approximately 0.68 Yuan/kWh/day, demonstrating economic viability across various
industries [200]. A study compared the efficiency and production costs of hydrogen via
plasma gasification (PG–hydrogen) alone and coupled with chemical looping (PG–SCL),
using FW as the feedstock. The results showed that PG–SCL achieved higher exergy ef-
ficiency (54.31%) compared to PG–hydrogen (31.44%) and higher material consumption



Energies 2024, 17, 3191 18 of 30

(7.14 t/t H2) at a lower production cost (USD 1930.77/t H2) compared to PG–hydrogen
(6.47 t/t H2 and 2449.82 USD/t H2, respectively) [201].

3.8.4. Supercritical Water Gasification (SCWG)

Another gasification method suited for FW is supercritical water gasification (SCWG),
which, at low temperatures and high pressure, produces hydrogen-rich syngas from wet
biomass [202]. The working conditions for SCWG typically range between 375 and 700 ◦C
and higher than 22.12 MPa [203]. A study examined the potential of SCGW, indicating that
hydrogen production of 12.73 mol/kg FW can be achieved at 450 ◦C with the addition of
NaOH (5 wt%) as a catalyst [204].

3.9. Hydrothermal Carbonization (HTC)

Hydrothermal carbonization (HTC) is a wet thermochemical conversion method that
has the ability to transform biomass with high moisture, such as FW, into valuable products
through a combination of high temperatures (170 to 250 ◦C) and autogenous pressure
(2–10 MPa) in a short period of time (5–240 min) and in the absence of oxygen [205–207].
The HTC process utilizes the inherent moisture of the feedstock as a solvent. This method
generates mainly hydrochar, a carbon-rich product equal to the biochar generated in slow
pyrolysis, which can be used as a fuel, as well as a liquid fraction (oils after extraction)
and gaseous products [207,208]. Due to the low processing temperature and the absence
of biomass-drying pretreatment steps, HTC offers a competitive advantage as the energy
requirements are relatively low compared to other thermal processes [209]. Moist agro-
industrial waste treated with HTC processing required half of the energy compared to
torrefaction treatment [210]. Additionally, the processing conditions facilitate the elimi-
nation of pathogens, the inactivation of organic contaminants and a marked reduction in
unpleasant odors [211]. The HTC process undergoes a range of simultaneous chemical re-
actions, including hydrolysis, dehydration, decarboxylation, condensation, polymerization
and aromatization, for hydrochar formation [212]. Another advantage of HTC is the poten-
tial for its use as a fertilizer, with the solid phase containing nitrogen, phosphorous calcium
and magnesium. It was estimated that 0.96% of nitrogen and 2.30% of phosphorus-based
fertilizers could be replaced in the US by nutrients integrated within hydrochar and the
liquid phases of landfilled waste [213].

The water in HTC is employed as a reaction medium, facilitating the chemical reactions
involved and substituting hazardous solvents [214]. Recirculating the process water is an
attractive practice that holds the potential to enhance the carbon recovery yields and elevate
the energy density of the hydrochar, due to the organic acids concentrated in recycled
process water [215].

Restaurant FW treated with the HTC process at 200 ◦C for 6 h produced high-quality
hydrochar with energy content of 23 Mj/kg, presenting a similar composition to that of
lignite, making it suitable as a feedstock for co-combustion applications [216]. The HTC
of FW also holds the potential to produce hydrochar retaining approximately 70% of the
fatty acids, which can be later extracted for industrial purposes using ethanol, with an
overall recovery rate of 49% [217]. Another study indicated that hydrochar produced from
FW possessed higher carbon content and heating value compared to raw biomass [218].
Additionally, Ohio University evaluated a mixture of FW and noted significantly low ash
(1–2%) and low sulfur content (<0.5%) [219]. The highest mass yield was obtained at 200 ◦C
(75%) and the lowest yield at 260 ◦C (68%); notably, it produced hydrochar with a heating
value of 33.1 MJ/kg [219].

3.9.1. Co-Hydrothermal Carbonization (co-HTC)

Co-hydrothermal carbonization (co-HTC), using two different biomasses in the same
reactor at the same time, has demonstrated enhancements in biofuel properties, while reduc-
ing the concentrations of toxic compounds like sulfides, alkali metals and chlorides [220].
Wang et al. [221] investigated the quality of pellets produced from a mixture of FW and
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woody biomass. Their research indicated that a higher ratio of FW in the mixture favored a
reduction in energy consumption during pelletization and resulted in pellets with a lower
ignition temperature and a wider temperature range [220]. Specifically, the incorporation
of an FW ratio of 50 to 75% at a temperature of 220 ◦C was identified as the most suitable
condition for pelletization and the production of solid biofuel [220]. A similar study carried
out in India, on a co-HTC process with a FW and lignocellulosic yard waste (green waste)
mixture, aimed to assess the potential for biofuel pellet production. The results indicated
durable and hydrophobic pellets with calorific value of 27.6 MJ/kg, almost double the
corresponding calorific value of the raw materials (13.5 MJ/kg) [222]. Under the optimum
conditions, the hydrochar produced from the FW and yard waste mixture could replace
11% of the global coal consumption. The co-HTC of FW and sewage sludge at a 30:70 ratio
and 230 ◦C resulted in the production of hydrochar with a HHV of 22.87 MJ/kg and a fuel
ratio of 0.36 [223].

3.9.2. Hydrothermal Liquification

Thomsen et al. performed a similar HTC process in a liquid phase, also known as
hydrothermal liquification, combined with non-catalytic wet oxidation, used to convert
biomass into bio-oil [224]. At 350 ◦C for 3 h, the almost complete degradation of organic
compounds into acetic acid was achieved, increasing the NH4

+ and NH3 recovery as nutri-
ents and causing the overall ash concentration to decrease. The hydrochar produced from
biomass was well carbonized and presented high stability when treated under 200 ◦C [225].
Hydrothermal liquefaction for crude bio-oil production can yield up to 45% efficiency with
a HHV of 35.1 Mj/kg FW [226].

3.10. Ethanol Fermentation

Ethanol fermentation is a biological metabolic treatment that involves different mi-
crobes (bacteria, fungi, algae) or enzymes that are able to break down FW in the absence
of oxygen [227]. Various yeast strains, including Saccharomyces cerevisiae, Pichia stipites,
Kluyveromyces fragilis and Zymomonas mobilis, are commonly used [228]. This process results
in the production of ethanol and carbon dioxide from glucose and fructose, while releasing
energy. Further enzymatic hydrolysis through fermentation could generate anhydrous
bioethanol, a renewable fuel suitable for the automotive industry [229]. Several countries
permit the use of automotive blends containing ethanol and conventional fuel, with the
ratio typically set at 15% ethanol and 85% gasoline [230]. In 2022, the global ethanol
consumption reached 129 billion liters worldwide, potentially translating into the annual
consumption of about 860 million tons of an ethanol–gasoline blend [231]. Ma et al. [232]
created an integrated engineering system for bioethanol production, in which Aspergillus
oryzae was added to a canteen FW substrate, producing a fungal mash. A 67.5% reduction
in the waste volume was achieved, generating 141.5 g/l glucose, which was subsequently
fermented to produce 71.8 g/l of bioethanol. Zhang et al. [233] examined the performance
of various types of vegetable waste for the production of bioethanol, with potato peels
achieving the highest VFA yield (452 mg COD/g Vsfeed), followed by celery (372 mg
COD/g Vsfeed), carrots (321 mg COD/g VSfeed) and Chinese cabbage (201 mg COD/g
Vsfeed) [233]. A similar study using S. cerevisiae for bioethanol production using sweet
potato waste, potato waste and vegetable waste obtained 251.85 mg/g, 240.98 mg/g and
235.4 mg/g, respectively [234]. In a study examining ethanol fermentation in a substrate
composed of residues resulting from the saccharification and centrifugation of FW, the
highest VFA concentration was achieved with 172.4 mg/g Vs at pH 6.5 [235]. Recent
advancements in stillage technology could minimize the use of water in this process, while
the use of biotechnology could increase the output efficiency of ethanol [236].

3.11. Ongoing Advancements, Future Research and Recommendations

Recent advancements in FW conversion technologies have addressed significant chal-
lenges such as the control of harmful compound production and the development of
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efficient production systems yielding high-quality products. Extensive research has fo-
cused on the pretreatment of FW, co-digestion configurations and the use of catalysts,
demonstrating significant synergistic effects in producing high-quality energy products.

Incineration, while the simplest processing method, is the least favorable environ-
mentally due to the release of toxic gases and heavy metals, posing health risks to nearby
residents. AD, though widely applied, exhibits a large land footprint and limited volume
reduction. The activity of bacteria within AD is highly sensitive to the process conditions,
such as the pH, salinity and temperature, which can affect its efficiency. Thermochemical
conversion methods offer a viable solution with high efficiency and yields of biogas. Steam
gasification, in particular, is a prominent method for the production of high-quality syngas
with minimal pollutants. The co-feeding of FW with sewage sludge, manure or other
types of biomass can enhance the calorific value of biofuels. The integration of pyrolysis
and AD has effectively addressed the challenges posed by the high moisture content of
FW, resulting in high-quality biochar and bio-oil, making it one of the most environmen-
tally sustainable options. Additionally, processes such as supercritical water gasification
(SCWG), hydrothermal liquefaction and torrefaction are well suited for the processing of
wet biomass without the need for prior drying pretreatment.

Future research should focus on the integration of multiple FW conversion technolo-
gies to maximize the energy recovery and minimize the environmental impact. Combining
AD with thermochemical processes like pyrolysis and gasification can enhance the over-
all efficiency and stabilize operations. For instance, integrating AD with pyrolysis can
utilize the produced biochar to improve the biogas yields and provide a stable digestion
process [237]. Similarly, coupling AD with gasification can optimize the energy output
by leveraging the strengths of both processes [237]. Additionally, advanced catalysts and
materials should be developed to enhance the efficiency of thermochemical processes and
improve the quality of biofuels. Research into novel catalysts can lead to better conver-
sion rates and the higher selectivity of the desired products in processes like gasification
and pyrolysis.

Moreover, comprehensive life cycle assessments and techno-economic analyses are
necessary to evaluate the feasibility and economic viability of these technologies on a
commercial scale. Policymakers should be informed about the benefits and challenges of
FW-to-energy systems to create supportive regulatory frameworks and incentives. Public
awareness and stakeholder engagement are also essential for the successful implementa-
tion of these technologies. Educational campaigns and community-based programs can
drive behavioral changes and support the development of local and regional FW-to-energy
projects. By focusing on these areas, future research can significantly advance the sus-
tainability and effectiveness of FW management, contributing to a circular economy and
reducing the environmental impact of food waste.

4. Conclusions

Harnessing FW as an energy source offers a promising solution to the dual challenges
of waste management and sustainable energy production. The implementation of food
waste-to-energy technologies has the potential to substantially decrease landfill usage
and GHG emissions, thereby contributing to broader sustainability goals. This review
underscores the significant impact of FW disposal on GHG emissions and environmental
degradation, emphasizing the importance of proper management for a sustainable and
energy-responsible future. Converting waste to energy not only mitigates these adverse
effects but also has the potential to lead to negative CO2 emissions through carbon seques-
tration under certain conditions. Additionally, it prevents the harmful emissions typically
associated with the burning of fossil fuels for energy production.

FW and FL can be treated through various methods, including thermochemical pro-
cesses (incineration, pyrolysis, gasification, torrefaction and hydrothermal carbonization),
biological processes (anaerobic digestion, composting, aerobic fermentation, dark fermen-
tation and photofermentation) and chemical processes (transesterification). These methods
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generate valuable energy resources, such as biogas, heat, syngas, hydrogen, biodiesel and
bioethanol. The variability in the waste composition, such as the moisture content, TS, C/N
ratio and the presence of toxic compounds, significantly influences these processes.

Despite the technical advantages of these innovative technologies, further research is
necessary to assess the feasibility and economic viability of their application in commercial-
scale treatment plants. Future studies should focus on optimizing thermochemical pro-
cesses to more efficiently handle high-moisture food waste by integrating anaerobic diges-
tion with gasification, pyrolysis and hydrothermal carbonization.
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