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Abstract: Food waste (FW) is a significant global issue with a carbon footprint of 3.3 billion tonnes
(Bt), primarily generated due to improper food supply chain management, storage issues, and
transportation problems. Acidogenic processes like dark fermentation, anaerobic digestion, and a
combination of DF-AD can produce renewable biofuels (Bio-CH4, Bio-H2) by valorising FW, aligning
with the UN SDGs. FW is an ideal substrate for acidogenic processes due to its high moisture
content, organic matter, and biodegradability. However, the choice of FW valorisation pathways
depends on energy yield, conversion efficiency, and cost effectiveness. Acidogenic processes are
not economically viable for industrial scale FW treatment due to reduced energy recovery from
stand-alone processes. So, this study reviews comparative studies on biogas, biohydrogen, and
biohythane production from FW via acidogenic processes, focusing on energy yield, energy recovery,
and environmental and economic impact to provide a clear understanding of energy recovery and
yield from all acidogenic processes. Additionally, this review also explores the recent advancements
in digestate slurry management and the synergistic effects of AD and HTC processes. Lastly, a
futuristic integrated bio-thermo-chemical process is proposed for maximum energy recovery, valuing
food waste to energy vectors (Bio-H2, Bio-CH4, and hydro-char) along with digestate management
and biofertilizer production.

Keywords: food waste; anaerobic digestion; dark fermentation; energy yield; environmental impact
assessment; circular biorefinery

1. Introduction

Food waste (FW) is biodegradable waste generated from a variety of sources, such as
households, food processing industries, restaurants, and other hospitality domains. Global
food waste production is estimated to be 1.6 billion tonnes (Bt) annually [1], and the carbon
footprint of food waste is estimated to contribute to greenhouse gas (GHG) emissions
by approximately 3.3 Bt of CO2 annually. The generation of FW by consumers and the
average of carbon dioxide emissions per capita from different regions across the globe
are represented in Figure 1. FW generation is highest in North America and Oceania and
Europe, with amounts of about 310 and 270 kg per capita per annum, respectively. Latin
America and North Africa and West and Central Asia show consumer waste production of
about 210 and 225 kg per capita per annum, respectively. South and Southeast Asia, Sub-
Saharan Africa, and industrialised Asia generate consumer waste of about 125, 160, and
245 kg per capita per annum, respectively [2,3]. On the other hand, there is an enormous
accumulation of FW due to improper food supply chain management, storage issues, and
transportation problems [4].
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Figure 1. Representation status of food waste generated per person per year with kgCO2-eq per cap-
ita around the globe. Authors’ elaboration based on data from [2,3]. 

2. Trends in Publications Associated with Dark Fermentation, Anaerobic Digestion, 
and Two-Stage Integrated DF-AD of Food Waste 

The literature items reviewed in this paper were selected from the bibliometric source 
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and in different combinations. Currently, research interests within the “acidogenic biore-
finery” are growing rapidly, as shown by the recent trends in publications associated with 
FW with regards to biogas, bio-H2, and biohythane production, as shown in Figure 2a–c, 
for the last ten years. FW to biogas has been the most explored research topic, as there are 
almost 3663 research and review articles in the past ten years, out of which research and 
review articles number 2645 and 1018, respectively. FW to bio-H2 is also gaining interest 
in the research community, as there are almost 2573 research and review articles pub-
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from FW has been a less explored research topic in the last 10 years, as there are only 227 
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literature available, there is no review article which explores the comparative analysis of 
biogas, bio-H2, and biohythane production from FW. 
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Figure 1. Representation status of food waste generated per person per year with kgCO2-eq per
capita around the globe. Authors’ elaboration based on data from [2,3].

According to studies [5], FW in some countries accounts for nearly half of total solid
waste. Currently, more than 95% of FW management globally is performed via landfilling
and incineration [6,7], often because they are less expensive than other treatments [8–11].
However, it is well known that FW landfilling is producing CH4-rich landfill gas, contribut-
ing considerably to climate change and accounting for 58% of fugitive methane emissions,
and so it has to be avoided [12]. Indeed, it is internationally acknowledged that the follow-
ing hierarchy should be applied to FW: prevent, donate or up-cycle, feed animals or leave
unharvested, composting or anaerobic digestion, incineration or landfilling [13]. Thus,
when prevention, donation, or animal feeding are not feasible, resource and energy are to be
addressed. In particular, energy recovery has a role as a renewable and sustainable energy
source, which is required in view of urban population increase (the United Nations predicts
a 2.5 billion increase in urban population by 2050, with 90% of this growth occurring in
Asia and the Africa UN [14], as well as energy demand increase by nearly 50% over the
next 20 years IEA [15], depletion of fossil fuels, and the consequent climate change impact
on the planet [16]).

Thermochemical and biochemical routes are available for FW energy valorisation.
However, biochemical routes are preferred over thermochemical routes due to their sim-
plicity, as well as less energy consumption with minimal generation of harmful emis-
sions [17,18]. Therefore, acidogenic processes like dark fermentation (DF), anaerobic
digestion (AD), and integrative processes, i.e., combination of both DF and AD, come
into the picture as attractive options for producing renewable biofuel (H2 and CH4) by
utilising FW, addressing waste management and the recovery of nutrients as a win-win
approach. Indeed, the reduction in FW, its correct management, and the development of
renewable energy systems all fit within the United Nations Sustainable Development Goals
(SDGs) [19].

DF produces a mixture of H2 and CO2, often addressed as biohydrogen (bio-H2),
while AD produces a mixture of CH4 and CO2, generally named biogas. Both processes are
considered the most efficient and eco-friendly routes of FW valorisation. Production of bio-
H2 via DF is a promising option, as it requires simpler mechanisms and less energy input
compared to photo fermentation. However, while DF is still at low TRL (Technological
Readiness Level) development, AD has a high TRL and is fully available industrially
worldwide. Biogas produced from AD is commonly used as fuel for combined heat and
power (CHP) application in reciprocating internal combustion engines (ICEs) and, less
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frequently, in gas turbines (GT), the former being more efficient for the typical sizes found
in these applications (i.e., less than 1 MW). In the last decade, the upgrading of biogas
to bio-methane by removing the CO2 and other contaminants attracted great interest as
a viable vehicular fuel option [20,21]. Bio-H2, intended as the H2-CO2 mixture produced
through DF, can be used as is to feed several types of fuel cells [22] or purified to obtain
pure H2 [23]. However, the utilisation of vehicular-grade purified bio-H2 derived from
biological processes, such as DF, is impeded by the issues of elevated flammability and
storage difficulties [24].

Hythane® is a trademark introduced by Hydrogen Component Inc. in the early
90s, which studied blending Compressed Natural Gas (CNG) with hydrogen as a fuel
for internal combustion performances. Hythane combustion is environmentally friendly,
emitting nearly 45% less NOx gas than CNG [25]. It was observed by various researchers
that combination of H2 and CH4, with approximately 10–25% H2 composition and 75–90%
CH4, results in enhancing the overall economy and the effectiveness of the processes
involved with increased energy recovery (10–40%) [24,26]. Hence, hythane may be an
appropriate vehicular fuel, along with the dual benefits of H2 and CH4, like decreased
NOX, SOX emissions, increased flammability, decreased combustion time, and improved
heat efficacy. Biohythane, a mixture containing bio-H2, bio-CH4, and CO2, can be produced
by integrating the DF and AD process, offering lower production costs, a lower carbon
footprint, and environmental sustainability [26–28]. To promote the use of FW through
DF, AD, and DF-AD, it is essential to compare these three processes in order to select the
preferable valorisation pathway. Indeed, FW is an appropriate substrate for all acidogenic
processes (i.e., AD, DF, and two-stage DF-AD processes) due to its high moisture content
and high content of organic matters with excellent biodegradability, as well as its organic
and nutrient-rich composition. However, due to the variable composition of food waste, it
is important to select the best possible valorisation pathway (i.e., AD or DF or DF-AD) with
respect to energy yield and conversion efficiency, as well as cost effectiveness. Consequently,
it is crucial to investigate the advantages of valorising the FW process through individual
processes (AD, DF) and integrated processes (two-stage DF-AD).

AD, DF, and DF-AD processes are sustainable methods for treating organic waste,
but they also produce byproducts like digestate and effluents. Digestate, the residue left
after anaerobic processes, poses challenges in large-scale plant operations due to high
variability in effluent treatment. Treatment methods include fertilizer production and
thermochemical processing, like hydrothermal carbonisation [29]. HTC converts organic
matter into high-carbon content, producing solid fuel and soil ameliorant. Thermochemical
conversion of digestate into energy vectors is a promising solution for waste effluent
management in biogas plants. Integrated technologies combining anaerobic processes with
thermochemical methods are being developed, with hydrothermal carbonisation being the
most suitable due to its high moisture content [30]. This process generates renewable energy
and hydrochar from the digestate, improves soil quality and fertility, and contributes to
a circular economy [31,32]. Biorefinery concepts promote integrated technologies, with
biomass waste being a valuable resource for bioenergy and biofertilizer production due to
its abundant availability [29,30,33].

Several reviews dealt with the production of either H2 or CH4 from FW [34–39]. On
the other side, the two-stage integrated DF-AD process is reported to be significantly
superior to single-stage processes in terms of efficacy, efficiency, and stability; multiple
studies demonstrate this [25,27,40]. Despite the fact that several researchers have achieved
high production rates and improved energy recovery with emission of fewer pollutant
from biomass waste streams, it is not yet economically viable on an industrial scale.
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After an exhaustive literature survey, it has been observed that there is not a single
past review available on comparative evaluation of the three acidogenic processes for the
valorisation of FW, primarily from the viewpoint of energy yield, operational parameters,
and economic and environmental evaluations. Comparative analysis of these three acido-
genic processes for FW has yet to be explored, and, to the best of the author’s knowledge,
there are no such comparative review studies available. So, there is need of a review of
comparative analyses for all three biofuels produced from FW in terms of yield, economic
and environmental viability, reactor configuration, etc. To fulfil the existing research gaps,
this study took the opportunity to provide a systematic review on comparative studies on
the production of biogas, biohydrogen, and biohythane from FW via anaerobic fermen-
tation processes, with special emphasis on comparative analysis of these processes with
regards to energy recovery/energy yield, environment impact, and economic impact for
FW valorisation.

The review paper also explores the potential of integrated biochemical processes in
food waste valorisation within circular biorefineries. It focuses on anaerobic digestion and
dark fermentation, which enhance bio-CH4 and bio-H2. Further, it provides additional
information regarding the future of digestate utilisation and value-added products, with a
vision towards emerging integrative technologies within a circular acidogenic biorefinery
framework. The review aims to highlight technological advancements and optimisation
strategies for energy recovery from food waste. Lastly, a futuristic integrated bio-thermo-
chemical process is proposed, with the production of Bio-CH4, Bio-H2, and hydrothermal
carbonisation of digestate for hydrochar production. It provides a roadmap for researchers,
industry professionals, and policymakers to develop and implement circular biorefineries,
transforming food waste into valuable energy resources while adhering to sustainability
and circularity principles. The study could provide a useful support for the selection of
particular acidogenic processes based on the ultimate use of bioenergy, as well as insights
into the technology efficiency and the investment, operational, and maintenance costs.

2. Trends in Publications Associated with Dark Fermentation, Anaerobic Digestion, and
Two-Stage Integrated DF-AD of Food Waste

The literature items reviewed in this paper were selected from the bibliometric source
of the Web of Science database. The keywords, such as food waste biogas, food waste
biomethane, food waste biohydrogen, food waste biohythane, etc., were used individually
and in different combinations. Currently, research interests within the “acidogenic biorefin-
ery” are growing rapidly, as shown by the recent trends in publications associated with
FW with regards to biogas, bio-H2, and biohythane production, as shown in Figure 2a–c,
for the last ten years. FW to biogas has been the most explored research topic, as there are
almost 3663 research and review articles in the past ten years, out of which research and
review articles number 2645 and 1018, respectively. FW to bio-H2 is also gaining interest in
the research community, as there are almost 2573 research and review articles published
in the last 10 years. In comparison to biogas and bio-H2, biohythane production from FW
has been a less explored research topic in the last 10 years, as there are only 227 research
and review articles, out of which there are only 78 review articles till this date. The trend
of research and review articles (published from 2014 to May 2023) in the field of biogas,
bio-H2, and biohythane production from FW is shown in Figure 2a–c. As per the literature
available, there is no review article which explores the comparative analysis of biogas,
bio-H2, and biohythane production from FW.
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Figure 2. (a) Representation of the number of scientific papers on the investigation of biomethane
production from food waste from 2014 to May 2023. (b) Representation of the number of scientific
papers on the investigation of biohydrogen production from food waste from 2014 to May 2023.
(c) Representation of the number of scientific papers on the investigation of biohythane production
from food waste from 2014 to May 2023.
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3. Current Status of Food Waste

The food supply chain is broadly categorised in the primary production, processing,
distribution, and consumption stages. FW in the primary production stage of the food
supply chain comprises the biowaste generated during harvesting of crops and procurement
of edible items such as meat and dairy products from animals. The FW in the processing
stage includes the biowaste that remains after processing of useful items. In the distribution
stage, biowaste generated from both the fresh and manufactured products are considered as
FW. FW in the consumption stage is generally counted by including the biowaste generated
from household and food services. According to a recent study, FW accounts for almost
20% of the total food produced in EU. Out of 129 Mt of FW, the maximum fraction of
FW (approximately 46%) was generated in the consumption stage, followed by 25% in
primary production, 23.6% in the processing stage, and 5.5% in distribution and retail
(Figure 3) [41,42]. In addition, variation in the proportion of FW items, such as fruits,
vegetables, cereals, fish, meat, etc., in different stages of the food supply chain is shown in
Figure 4.
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Characteristics of Food Waste

Characterisation of FW is an essential step before selecting any valorising technology
for producing value-added products or biofuels. FW is generally categorised using its
proximate, ultimate, and compositional properties [43,44]. Proximate properties, such as
total solid (TS), moisture content (MC), volatile solid (VS), and ash content, are important
parameters to decide the appropriate technology needed for conversion of any biomass to
biofuel and value-added products [45]. Ultimate properties, such as carbon (C), nitrogen
(N), hydrogen (H), oxygen (O), and total sulphur (S), are also essential properties to optimise
the required parameters C/N, C/O, and C/H during any bioenergy conversion process and
determine the theoretical biofuel potential [46]. Compositional properties like fat, proteins,
and carbohydrates decide the biofuel potential of the biomass. Protein is an essential
fraction of FW for biomethanation via the AD process [47], and carbohydrate fraction
accounts in FW are helpful for deriving biohydrogen via DF. Liquid biofuel (biodiesel)
yield can be enhanced through lipid content [48]. Carbohydrates, protein, and fat (lipids)
are the major components of FW. Generally, FW containing carbohydrates, lipids, and
protein were studied for biogas, bio-H2, and biohythane production. However, FW with
high carbohydrate content and acidic pH is considered the most favourable feedstock for
bio-H2 production. In contrast, lipids and protein are not considered suitable for bio-H2
production [35]. For FW-AD, FW comprising a balanced carbon to nitrogen ratio (C/N) and
neutral to alkaline pH is considered a suitable feedstock for efficient biogas production [49].
For biohythane production, suitable substrates for the first stage and second stage are
similar to the DF and AD, respectively [18]. Other than all the proximate, ultimate, and
compositional properties, micronutrients such as total phosphorus, total potassium, and
total nitrogen are essential parameters to evaluate the quality of organic fertilizer generated
from valorisation of FW [50]. Depending on food habits, source, stage of food supply
chain, etc., huge variation can be noted in various properties. Table 1 shows the properties
of various FW with systematic categorisation into generic FW, kitchen waste, restaurant
waste, vegetable waste, and synthetic FW. It has been noticed (Table 1) that the pH of FW
varies from 4.1 to 6.5. There is also a huge variation in TS (6.80–96.70%) and vs. content
(60.0–94.60%) in various FW. Carbohydrate, fat, and protein content also varies from a
minimum value of 36.70%, 9.70%, and 10% to a maximum value of 73.70%, 40.00%, and 30%,
respectively. Similar variations have also been observed in carbon (39.0–72.5%), hydrogen
(5.10–9.20), nitrogen (1.0–5.70), sulphur (0.05–0.92), oxygen (25.0–51.04), and C/N ratio
(7.90–55.80).
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Table 1. Proximate, ultimate, and compositional analysis of various food waste.

Substrate TS
(% WB)

VS
(%TS)

Ash
(%TS)

C
(% TS)

H
(% TS)

N
(% TS)

S
(% TS)

O
(% TS) C/N Carbohydrates

(% TS)
Fat

(% TS)
Protein
(% TS) pH References

Food waste 18.90 90.10 9.90 41.10 NA 3.40 0.92 NA 12.00 NA NA NA NA [51]

Food waste 18.10 94.47 5.53 46.67 6.39 5.42 0.81 36.39 13.20 NA NA NA 6.5 [52]

Food waste 23.10 90.90 9.10 56.30 NA 2.30 NA NA 24.50 NA NA NA 4.2 [53]

Food waste 25.70 91.05 8.95 51.80 NA 2.90 NA NA 17.90 NA NA NA 4.4 [53]

Food waste 6.80 76.47 23.53 72.50 NA 1.30 NA NA 55.80 NA NA NA 4.1 [53]

Food waste 23.10 90.90 9.10 56.30 NA 2.30 NA NA 24.50 NA NA NA NA [53]

Food waste 25.70 91.05 8.95 51.80 NA 2.90 NA NA 17.90 NA NA NA NA [53]

Food waste 6.80 76.47 23.53 72.50 NA 1.30 NA NA 55.80 NA NA NA NA [53]

Food waste 30.90 85.30 14.70 46.78 NA 3.16 NA NA 14.80 NA NA NA NA [54]

Food waste 39.10 80.90 1.61 41.53 5.76 1.55 NA 51.04 26.77 NA NA NA NA [55]

Food waste NA 74.00 1.15 50.70 7.60 4.40 NA 36.90 13.44 NA NA NA NA [56]

Food waste 23.50 79.11 6.40 39.00 7.32 5.70 0.30 47.70 7.90 NA NA NA NA [57]

Food waste NA 81.31 6.14 49.64 7.47 3.21 0.05 33.49 NA NA NA NA NA [58]

Food waste NA 73.78 3.62 45.71 6.72 2.91 NA 41.04 NA NA NA NA NA [59]

Food waste NA 69.35 8.32 42.25 6.47 5.25 NA 37.36 NA NA NA NA NA [60]

Food waste 10.20 84.31 5.19 48.70 6.40 3.26 0.30 32.56 NA NA NA NA 4.3 [61]

Food waste 96.70 71.30 10.30 47.50 6.60 3.90 0.40 41.60 NA 60.00 16.00 22.00 NA [62]

Kitchen waste 85.00 60.00 3.50 45.00 6.00 1.00 NA 40.00 NA 40.00 15.00 10.00 NA [63]

Kitchen food waste 19.80 83.40 16.60 43.80 7.00 3.20 NA 25.00 16.30 36.70 24.20 11.70 5.8 [64]

Kitchen waste 60.00 85.00 5.50 46.00 7.00 3.00 NA 50.00 NA 60.00 40.00 30.00 NA [63]

Synthetic Food Waste 17.60 94.60 5.40 45.80 7.30 3.10 NA 42.00 15.70 73.70 9.70 20.70 4.5 [64]

Synthetic Food Waste 19.50 NA 1.00 44.50 5.10 3.30 NA 47.00 15.70 63.00 21.00 16.00 NA [65]

Vegetable waste 24.00 94.10 5.90 54.00 2.40 NA NA 22.50 55.20 15.00 23.90 NA [66]

Restaurant food waste 21.50 93.50 6.50 49.00 9.20 3.60 NA 33.90 18.50 53.70 17.90 18.70 5.3 [64]



Energies 2024, 17, 666 9 of 28

Table 1. Cont.

Substrate TS
(% WB)

VS
(%TS)

Ash
(%TS)

C
(% TS)

H
(% TS)

N
(% TS)

S
(% TS)

O
(% TS) C/N Carbohydrates

(% TS)
Fat

(% TS)
Protein
(% TS) pH References

Average 29.80 83.10 8.35 49.54 6.82 3.12 0.46 39.73 21.95 55.29 19.85 19.13 4.89

STD 23.28 9.19 5.87 8.21 0.91 1.20 0.30 6.96 13.24 11.32 8.62 6.13 0.86

Min. 6.80 60.00 1.00 39.00 5.10 1.00 0.05 25.00 7.90 36.70 9.70 10.00 4.10

Max. 96.70 94.60 23.53 72.50 9.20 5.70 0.92 51.04 55.80 73.70 40.00 30.00 6.50
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4. Acidogenic Process for Food Waste Valorisation
4.1. Anaerobic Digestion

AD is a chain of biochemical reactions in which microorganisms convert complex
organic polymers into CH4 (50–70%), CO2 (30–50%) with traces of hydrogen sulphide
(0–4000 ppm), siloxanes, and other impurities in the absence of oxygen [43]. The AD
process for biogas production is well known and comprised of four steps: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis (Figure 5). In the hydrolysis step, complex
organic molecules are converted into soluble monomers and catalysed by hydrolytic and
fermentative bacteria-excreted enzymes (cellulase, protease, and lipase). This reaction
produces soluble carbohydrates, amino acids, glycerol, and long-chain carboxylic acids.
During the second stage, which is acidogenic fermentation, the soluble organic products of
hydrolysis are converted into simple organic substances—primarily volatile fatty acids like
propionic, formic, butyric, valeric, etc.—ketones, and alcohols. Further, in the subsequent
phase of acetogenesis, they are transformed into acetate, carbon dioxide, and hydrogen.
The acetogenesis of VFA compounds such as propionic and butyric acid can only occur in
the presence of a very low H2 concentration. During this process, the protons function as
electron acceptors and are therefore reduced to H2 gas [67]. In the final phase of reduction
(methanogenesis), methanogenic archaea convert acetate and H2 into CH4 and CO2. The
acetoclastic methanogens transform acetate into CH4 and CO2, while the hydrogenotrophs
change H2 and CO2 into CH4 [68]. A number of factors affect the AD process, including
pH, temperature, hydraulic retention time (HRT), organic loading rate (OLR), C/N ratio,
and pretreatment technique. Optimising various operational conditions maximises the
CH4 yield of the process and makes it more technically and economically feasible. The AD
process has been recognised as an effective waste management method with the simultane-
ous production of considerable amounts of biogas as a source of energy, considering that
the energy content of the mixture is directly linked to the CH4 content (LHV 50 MJ/kg).
AD for biogas production will have a global installed capacity for power generation of
29.5 GW by 2022 [69,70].
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Due to its high organic and nutrient content, FW is a valuable biomass resource for
biogas recovery via AD. The nutrient content of food residue, specifically its carbohy-
drate, protein, and lipid content, can have an effect on biogas production. According to
research, lipids produce the greatest amount of biogas [71]. Among all categories of FW,
the fat, oil, and grease (FOG) had the highest CH4 yield, reaching up to 1.1 m3 CH4/kg vs.
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added. The CH4 potential of lipids (1.014 m3/kg VS) is significantly higher than that of
carbohydrates (e.g., glucose, 0.37 m3/kg VS) and proteins (0.74 m3/kg VS). Due to their
slow biodegradability, however, a prolonged retention period is necessary to complete the
process [71]. On the other hand, the rate of conversion for carbohydrates and proteins is
much faster. Although AD is a well established and commonly employed technology for
the treatment of organic-rich wastewaters, sewage sludge, and animal manure, adopting
AD for FW management still faces a number of technical, economic, and social challenges,
such as volatile fatty acids (VFAs) accumulation and process instability, foaming, low buffer
capacity, and high transportation and operation costs [72].

4.2. Dark Fermentation

At present, the predominant method for producing H2 is the steam reforming of
hydrocarbons and the coal gasification process, accounting for over 90% of total production.
This reliance on fossil fuels has resulted in a major increase in dependence on these non-
renewable resources. In order to address this issue, it is necessary to transition towards
H2 production processes based on renewable sources, among which biological methods
of H2 synthesis may play a role, producing a mixture of H2 and CO2, where the energy
content is directly linked to the H2 content (LHV 120 MJ/kg) [73]. Microbial H2 production
encompasses various mechanisms, such as direct and indirect biophotolysis of water,
photo fermentation (PF), and dark fermentation (DF) [74]. DF has gained recognition as a
highly feasible method due to its low cost, ease of operation, and the vast availability of
renewable substrates [75]. The production of H2 gas via DF has a number of advantages
over conventional techniques, such as steam reforming of natural gas or electrolysis of
water. The use of renewable organic waste as a feedstock, low energy consumption, and
low greenhouse gas emissions are some of these benefits [76].

The process of DF of FW is a biological phenomenon that involves the conversion
of organic compounds into bio-H2 (intended here as the mixture of H2 and CO2) and
other useful byproducts in the absence of light. The aforementioned procedure includes
(as shown in Figure 6) the decomposition of complex organic compounds into simpler
components, such as H2 gas, acetate, and CO2, through the activity of anaerobic microbes.
Additional byproducts that can be derived from this process include VFAs, alcohols, and
organic acids. These byproducts possess potential for industrial applications, particu-
larly in the fields of bioenergy generation and chemical residues. In the process of DF,
carbohydrates first undergo fermentation, resulting in the production of pyruvate. This
metabolic pathway generates ATP and nicotinamide adenine dinucleotide (NADH) as
energy sources [77]. The conversion of pyruvate into acetyl-CoA occurs via the process of
ferredoxin reduction. In the event that acetyl-CoA is converted to acetate, both NADH and
reduced ferredoxin are used to convert H+ to H2 via a metalloenzyme called hydrogenase
or nitrogenase, yielding a maximal theoretical yield of 4 mol H2/mol hexose sugar [78].
The aforementioned method can also be applied to C-5 sugars; however, it is worth noting
that the acetate pathway results in a production of 3.3 mol H2/mol pentose sugar. The
enzyme hydrogenase plays a crucial role in facilitating the production of H2 through the
process of anaerobic fermentation, wherein it effectively combines protons and electrons.
DF is commonly conducted under controlled environments, wherein parameters such
as temperature, pH, and substrate concentration are carefully regulated. The technology
exhibits promising prospects for use in the fields of renewable energy production and waste
treatment. Nevertheless, there are certain obstacles that need to be addressed in order to
obtain optimal H2 yields, including poor H2 yields and the presence of competition among
microorganisms. The low yields of H2 can be ascribed to the existence of creatures that
consume H2, such as homoacetogens, hydrogenotrophic methanogens, sulphate-reducing
bacteria, nitrate-reducing bacteria, and propionate makers. These organisms contribute
to a drop in the overall production of bio-H2 [79]. Notwithstanding these obstacles, the
process of DF has the potential to make a significant contribution towards waste diversion
from landfills and the mitigation of GHGs. A number of studies on the utilisation of FW
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for H2 production via DF have been published. Kim et al. (2009) reported a 148.7 mL H2/g
vs. added yield of H2 produced via batch mode DF of cafeteria FW pretreated at 90 ◦C in
conjunction with a low lactate production [80]. Low substrate conversion efficiency, which
is affected by factors such as the type and composition of FW, the presence of inhibitors and
contaminants, and the operating conditions, can impede DF of FW [81]. Researchers are
working on identifying optimal feedstocks and pretreatment methods to enhance H2 yields.
Scale-up challenges include process control, substrate availability, and waste byproduct
management [82]. Even though H2 would be produced from waste materials in an eco-
friendly manner, it is still uncertain whether DF of FW is economically viable. Energy
efficiency is a key research goal, aiming to minimise energy input for optimal conditions.
DF faces efficiency and scalability challenges, making it less sustainable for hydrogen
production and waste management, often requiring integration with other biochemical or
thermochemical processes for economic viability [83,84].
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4.3. Integrated Fermentative Biohydrogen and Biogas Production in Two-Stage DF-AD Process

Both bio-H2 and biogas are promising alternative energy carriers that have significant
and sustainable importance. The two-stage AD process is a sustainable and efficient method
for harnessing energy from FW, depicted in Figure 7. The term “two-stage AD process”
typically refers to either stage-1 AD and stage-2 AD or stage-1 DF and stage-2 AD. Both
processes share similarities; however, in the AD-AD configuration, the products generated
in both stages are CH4 and CO2. On the other hand, in the DF-AD configuration, the
products in the first stage are H2 and CO2, while in second stage, the products are CH4
and CO2. It should be noted that in our situation, two-stage AD refers to the DF-AD setup,
which is the default setting for the entire manuscript. So here, this integrated process
consists of two unique stages, each accompanied by specific microorganisms and metabolic
pathways, in order to generate bio-H2 gas (H2 & CO2) and biogas (CH4 & CO2) from the
same substrate material [27]. In Stage 1, organic waste materials are subjected to biological
reactions under strictly anaerobic conditions, focusing on the production of H2 gas. This
stage includes hydrolysis, acidogenesis, fermentation, and a mixture of H2 and CO2.
During Stage 2, the residual volatile fatty acids (VFAs) obtained from Stage 1, including
acetic acid, propionic acid, and butyric acid, are consumed by methanogenic bacteria such
as Methanosarcina and Methanobacterium. Through the process of methanogenesis, these
bacteria convert the VFAs into a mixture of biogas consisting of CH4 and CO2.
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The gases generated from the first and second stages can form a mixture comprising
bio-H2 and biogas, generally known as biohythane, with different proportions [85]. The
ratio of H2 to CH4 can vary significantly depending on the process parameters and content
of the feedstock [86]. The biohythane mixture obtained from these two stages offers several
advantages compared to individual fuel biogas or bio-H2. These advantages include a
wider range of flammability, lower ignition temperature and time, absence of nitrous
oxide (NOx) emissions, and improved engine performance without the need for specific
modifications [82]. The two-stage integrated process optimises energy recovery from FW
by optimising metabolic pathways and microorganisms, improving efficiency compared to
single-stage anaerobic digestion. It separates bio-H2 and biogas production, optimising
temperature conditions and producing higher gas yields. This process reduces energy
requirements, allowing more energy to be generated from the same feedstock. The success
of this process depends on factors like microorganism choice, feedstock composition,
temperature control, and system design [87,88].

Han and Shin (2009) found that the coproduction of H2 and CH4 from FW markedly
increased the bioenergy conversion efficiency from 8% in only H2 production to 78% [89].
Qin et al. (2019) studied the co-production of H2 and CH4 and the co-digestion of FW
and paper waste for recirculated two-stage anaerobic digestion. The results show that
bio-H2 and biogas were simultaneously and stably produced, 79 NL-H2/kg-VS and 329 NL-
CH4/kg-VS in the long-term operation (50 h) [90]. Cavinato et al. (2012) used a mixture of
minced organic waste as a substrate for two-stage AD under thermophilic conditions with
an HRT of H2–3.3 days and CH4–12.6 days, leading to the production of 66.7 and 720 L/kg-
VS of H2 and CH4, respectively. Both stages in two-stage AD are regulated by specific mi-
croorganisms that thrive under different optimal process conditions. Hence, achieving bio-
hythane production necessitates a delicate equilibrium among process variables, including
pretreatment, substrate/feedstock type, temperature, pH, reducing equivalents, etc. [85].

4.4. Factors Affecting Acidogenic Processes (DF, AD, and DF-AD)

Organic loading rate (OLR), hydraulic retention time (HRT), pH of fermentation
medium, and temperature are crucial parameters that have strong influence on the pro-
duction rate, composition and quality, and yield of biogas, bio-H2, and biohythane. The
detailed analysis of effects of all these factors on all these processes is discussed below.

4.4.1. Temperature

Temperature is a key factor in AD, DF, and integrated AD-DF of FW. It affects the
yield of biogas, bio-H2, and biohythane by influencing the metabolism of microbiome,
kinetics of biochemical reactions, dissociation of intermediate products, and gas–liquid
transfer. According to the process temperature (Table 2), this process can be categorised as
psychrophilic (<25 ◦C), mesophilic (30–40 ◦C), and thermophilic (50–60 ◦C). AD, DF, and
AD-DF of FW at psychrophilic conditions are rarely explored, and most of these studies are
in the mesophilic and thermophilic temperature range. AD of FW under the mesophilic



Energies 2024, 17, 666 14 of 28

temperature range was considered as an energy-efficient and more favourable strategy
than the thermophilic range due to the lesser energy demand and lesser chance of rapid
acidification [49]. However, in the case of DF of FW, thermophilic temperature (50–60 ◦C)
conditions were suggested as the effective strategy to extract the maximum bio-H2 from
FW [31]. In the case of integrated AD-DF, the thermophilic temperature for the first stage
and mesophilic conditions for the second stage are recommended for efficient biohythane
production [18].

4.4.2. pH

The pH of the intermediate process is the major factor that is responsible for stable
microbial activity in different stages of AD, DF, and the AD-DF process. Acidic pH (due
to accumulation of VFAs) or alkaline pH (due to accumulation of ammoniacal nitrogen
compounds) both cause decline in biomethane production due to reduced activities of
methanogens. Generally, for the AD of FW, pHs of 4–5, 5–6.5, and 6.8–7.5 are consid-
ered as ideal conditions for hydrolysis, acidogenesis, and the methanogenesis process,
respectively [49]. Controlling the pH in the whole reactor volume during different stages
of AD is not technically feasible; hence, the pH of the feed is adjusted to an almost neutral
pH ranging from 6.8 to 7.2. In the case of DF of FW, acidic pH (4.5–6) conditions of the
media are recommended for efficient bio-H2 production [31]. In the case of biohythane
production, acidic pH (4.5–6) for H2 and neutral pH (6.5–7) for CH4 production (Table 2)
can enhance the overall productivity of biohythane [26].

4.4.3. Oganic Loading Rate

OLR is the measure of the rate of addition of substrate, and it is a crucial parameter
which confirms the harmony of microorganisms and the food waste at equilibrium con-
ditions. OLR above the optimum range causes accumulation of VFAs due to inefficient
conversion of VFAs by microbes into biogas and consequently reduces the biogas yield.
Similarly, OLR below the optimum range also causes reactor failure due to insufficient sup-
ply of nutrients to the microbial community. In the case of FW-AD, OLR is also influenced
by the process temperature; as for mesophilic and thermophilic conditions, the optimum
OLR was recommended to be 2–3 kg VS/m3/d and 4–5 kg VS/m3/d (Table 2). DF of FW
in continuous operation is generally conducted at high OLR of 17–106 kg VS/m3/d [49].
For the AD-DF process of FW, the OLR ranges from 16 to 18 kg VS/m3/d in the first stage
and from 4 to 6 kg VS/m3/d in the second stage [18].

4.4.4. Hydraulic Retention Time

Hydraulic retention time (HRT) is the residence time of biomass in the bioreactor.
It generally represents the linkage between the reactor volume and the feeding rate of
biomass in the reactor. Optimum HRT is a crucial parameter for efficient functioning of AD,
DF, and AD-DF reactors. Short HRT causes the insufficient use of FW due to incomplete
degradation by the microorganism [49]. In contrast, extremely high HRTs may also result
in inhibition of the process due to accumulation of VFAs and ammoniacal nitrogen inside
the reactor. In the single-stage AD of FW, optimum HRT ranges from 25 to 40 days for
both thermophilic and mesophilic temperature conditions [18]. In the case of bio-H2 using
different types of continuous reactors, the HRT is generally reported (Table 2) in the range
of 1–12 h [91]. For the integrated AD-DF process, usually short HRTs (1–3 d) for DF of
FW and longer HRTs (15–30 d) for AD were recommended for enhanced rate and yield of
biohythane production [26].

4.4.5. Reactor Configuration

The reactor type and its configuration is critical in any type of biofuel production,
as both of them play an important role in growth and activity of microbial community.
Generally, in the case of FW-AD, a continuous stirred tank reactor (CSTR) (either in batch
or continuous mode) is recommended due to its ability to handle high solid content. As
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per the literature summarised in Table 2, other reactors, such as the upflow anaerobic
sludge reactor (UASB), internal circulation reactor (IC), expanded granular sludge bed
reactor (EGSB), etc., were also explored for FW-AD due to their enhanced buffering capacity
and ability to handle high OLR, but the requirement of high upflow velocity limits their
usage in FW-AD [92]. On the other hand, apart from CSTR and UASB, other reactors such
as the packed bed reactor (PBR), anaerobic sequencing batch reactor (ASBR), anaerobic
fluidised bed reactor (AFBR), and membrane bioreactor (MBR) were reported to be utilised
for FW-DF [91]. In the case of biohythane, two reactors with either identical or different
configurations were noted to be utilised. CSTR, UASB, and ASBR reactors are generally
used for bio-H2 production in the first stage, while CSTR and UASB are utilised for biogas
production in the second stage [26].

Table 2. Comparative analysis of AD, DF, and DF-AD processes on operating parameters [18,26,91,93].

Acidogenic
Process pH HRT Temperature Products OLR

(g VS/L/d)
Reactor

Configuration Advantages Disadvantages

Biogas
(single-stage
AD process)

6.5–7 25–40 d

Psychrophilic
(10–30 ◦C),
mesophilic

(30–40 ◦C), and
thermophilic

(50–60 ◦C)
conditions

Methane
50–70%

2–3
(mesophilic)

4–5
(thermophilic)

CSTR
AFBR
UASB
AMFR

Less expensive
Simple operation

Longer HRT
Low OLR

Bio-H2 (dark
fermentation) 4.5–6 4 h–5 d

mesophilic
(30–40 ◦C) and
thermophilic

(50–60 ◦C)
conditions

Hydrogen
30–60% 17–106 AFBR, UASB,

MBR, CSTR,

Intermediate
products from
fermentation

could be
utilised as

valuable products
Utilisation of

feedstock with
lower pH

Low H2 yield

Biohythane
(two-stage

AD process)

Stage-1: 4.5–6
Stage-2: 6.5–7

Stage-1:
1–3 days
Stage-2:

15–30 days
14–20 days

(Thermophilic)
(14–40 days)
mesophilic

Stage-1:
Mesophilic/

Thermophilic
Stage-2:

Mesophilic

Methane
50–60%

Hydrogen
5–30%

Stage-1
16–18

(kg VS/m3/d)
Stage-2

4–6

CSTR
LBR

AMFR

Shorter HRT in
comparison of

single stage AD

VFA
accumulation

5. Energy Yield from AD, DF, and Integrated DF-AD Processes

Energy yield is an essential parameter that can be utilised to assess the economic
viability, efficiency, and environmental impact of bio-CH4, bio-H2, and biohythane pro-
duction. Additionally, energy yield has a significant role in comparing energy produced
from the standalone AD process, DF, and two-stage integrated AD-DF processes. Various
types of FW, such as kitchen waste, synthetic FW, raw FW, liquid FW, and solid FW, have
been evaluated in many studies for production of biofuels such as bio-CH4, bio-H2 and
biohythane through single-stage AD, dark fermentation, and two-stage DF-AD process.
All of these technologies were explored on a batch, semi-continuous scale using different
reactors, such as batch, CSTR, ASBR, UASB, etc. Due to the various technological interven-
tions, such as pretreatment, co-digestion, trace element addition, etc., biogas production
from AD is comparatively the most explored and matured technology. As per the litera-
ture review mentioned in Table 3, biogas production from FW may vary from 116 to 684
LCH4/kg vs. and bioenergy yield may vary from 3.9 to 22.9 MJ/kg vs. (calculated as
multiplying the CH4- yield by CH4 -LHV). They can be harnessed from the corresponding
biogas yield. In a comparison of biomethane and bioenergy yield through the AD of FW,
bio-H2 and bioenergy yield through the DF route is very low, as the bio-H2 ranges from
63 to 360 LH2/kg vs. while bioenergy yield varies from 0.7 to 3.9 MJ/kg VS. In contrast,
biohythane production from FW through two-stage AD and integrated DF-AD is com-
parable in terms of energy yield, which is 3.8–19 MJ/kg VS. Comparing energy yield of
food waste through different pathways of energy production, the highest energy yield of
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22.9 MJ/kg vs. was observed for AD. Energy yield through the integrated DF-AD pathway
is comparable to energy yield through AD, and there is a huge scope to enhance it through
further technological interventions.

Table 3. Comparative analysis of various food waste to biogas, biohydrogen, and biohythane
production on energy yield and reactor type.

Biomethane

Experiment
Scale Type of FW OLR

(g VS/L)
HRT

(days) Temp.
Methane

Yield
(L/kg VS)

Hydrogen Yield
(L/kg VS)

Energy Yield
(MJ/gVS) References

Batch FW NA 50 38 370 NA 12.4 [51]

Batch Kitchen FW 3–10 30–45 35–41 313–568 NA 10–19 [64]

Batch Synthetic FW 2 g–15 g 12–65 35–37 116–630 NA 4–21 [64]

Batch
Restaurant

FW and
canteen FW

1 g–20 g 8–50 35–41 268–684 NA 9–23 [64]

Batch FW 8 30 35 643 NA 22 [53]

Batch Solid FW 8 30 35 659 NA 22 [53]

Batch Liquid FW 8 30 35 581 NA 19 [53]

Semi-continuous FW NA 20–40 37 396 NA 13 [53]

Semi-continuous Raw FW 6–16 NA 35 405 NA 14 [53]

Semi-continuous Solid FW 6–16 NA 35 540 NA 18 [53]

Semi-continuous Liquid FW 3–12 NA 35 390 NA 13 [53]

Batch FW NA 250 32–34 648 NA 21 [94]

Semi-continuous FW 3 54–160 36 630 NA 21 [95]

Biohydrogen

Experiment
Scale Type of FW OLR

(g VS/L) HRT Days Temp. Methane
(L/kg VS)

Hydrogen Yield
(L/kg VS)

Energy Yield
(MJ/gVS) References

Batch FW NA NA NA NA 123 1.3 [96]

CSTR (Sonicated
biological
hydrogen
reactor)

FW 13.4–14.4 NA 37 NA 118 1.3 [97]

Batch FW NA NA 37 NA 149 1.6 [98]

Batch FW NA NA NA NA 360 3.9 [99]

Semi-continuous FW NA NA 37 NA 63 0.7 [100]

Batch FW NA NA 37 NA 219 2.4 [67]

Batch FW NA NA NA NA 165 1.8 [101]

Batch FW NA NA NA NA 97 1.0 [102]

Biohythane

Experiment
Scale Type of FW OLR

(g VS/L) HRT Days Temp.
Methane

Yield
(L/kg VS)

Hydrogen Yield
(L/kg VS)

Energy Yield
(MJ/gVS) References

CSTR FW NA NA NA 546 65 19.0 [103]

CSTR FW 38.4, 6.6 1.3, 5 NA 464 205 17.7 [104]

UASB FW NA 15 NA 250 161 10.1 [105]

ASBR FW NA 15 NA 526 125 18.9 [105]

CSTR AFBR FW 3.4, 6 55, 37 314 115 11.7 [106]

CSTR ABR FW NA NA NA 392 68 13.8 [107]
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Table 3. Cont.

Biomethane

Experiment
Scale Type of FW OLR

(g VS/L)
HRT

(days) Temp.
Methane

Yield
(L/kg VS)

Hydrogen Yield
(L/kg VS)

Energy Yield
(MJ/gVS) References

CSTR FW 20, NA 3,12 55, 55 311 117 11.7 [108]

CSTR FW 18, 5.7 55, 35 510 135 18.5 [109]

CSTR FW NA NA NA 364 85 13.1 [110]

Semi-continuous FW NA NA NA 451 114 16.3 [111]

CSTR FW NA NA NA 512 43 17.6 [112]

NA FW NA NA NA 352 5 11.8 [113]

CSTR FW NA NA NA 392 293 16.2 [114]

CSTR FW NA NA NA 354 106 13.0 [115]

UASB FW NA NA NA 95 55 3.8 [116]

It is noted that comparing the volumetric or mass yields of CH4, H2, or their mixture
is rather meaningless, since their LHVs are very different. Thus, we decided to convert
all the collected results into energy yields, which makes it possible to compare the three
processes. Further, gas yields are often reported in the reviewed articles in different ways:
as biogas or CH4 in the case of AD or referred to as different substrate characterisation
parameters (TS, VS, chemical oxygen demand (COD), total organic carbon (TOC), etc.).
Thus, summarised results are obtained, converting the different ways for yield expression
into a single comparable one, which is volume of CH4 or H2 produced per unit mass of VS.

6. Economic and Environmental Aspects/Feasibility (Environmental
Analysis/Sustainability of CO2 Emissions)

Acidogenic processes-based bioenergy production aids us with moving towards a
low carbon-based global energy economy. So, it is important to understand the economic
and environmental aspect of these processes for technoeconomic feasibility of the entire
system, since it is an essential tool for scaling up of process. So far, only limited literature
studies have documented the technoeconomic aspect of biogas, bio-H2, and biohythane
production from FW. The technoeconomic feasibility of biogas from AD, bio-H2 from DF,
and biohythane production from a two-stage AD process can vary depending on several
factors, including the feedstock cost (which in the case of FW is reduced to the eventual
collection costs), the efficiency of the conversion process, the capital and operating costs
of the plant, and the market demand for these energy sources [24,117]. Biogas has a well-
established market for CHP production and in the transportation sector, where it can be
used as a substitute for natural gas. Bio-H2 is still in the development phase, but it has the
potential to replace fossil fuels in the transportation and industrial sectors [118].

The integration of dark fermentation and anaerobic digestion for the production of
biohythane is a relatively new concept, with limited research on its technical and economic
feasibility. However, extensive research has been conducted on individual steps, highlight-
ing the potential of this innovative method [119,120]. Biohythane is a promising energy
source, as it allows for the recovery of both CH4 and H2, which can be used in various appli-
cations. With proper planning and management, all three technologies have the potential to
provide a sustainable solution to waste management and energy production [24,117,121].

In reference to technoeconomic feasibility of biogas production from FW, [122] reported
a capital investment of USD 1,928,652 and operational expenses of USD 11/t VS/y to
generate a profit of USD 19/t VS/d for FW-based biogas production. Similarly, Bastidas-
Oyanedel and Schmidt (2018) reported comparatively higher economic benefits of USD
95/t VS/y for biogas production from FW on a capital investment of USD 2,183,379 and
operational expenses USD 11/t VS/y [121]. Micolucci et al. (2018) conducted a cost study
for a pilot-scale two-stage thermophilic anaerobic digester on FW, calculating an annual
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income of EUR 540,874/y [123]. Another study documented a capital expenditure of EUR
12,687.7 for every 13.4 tonnes of waste biomass in two-stage anaerobic digestion [122].
Theaker (2020) explored large-scale AD installations in developed nations and the social,
technological, and environmental benefits of micro-scale AD. This study focused on a
2 m3 micro-scale plant in London, UK, to determine how flexible biogas production might
boost AD profitability. Technoeconomic analysis showed a 5.4–11.9-year payback period
for the micro-scale AD plant [124]. Al Naami, A. (2017) presented the potential of biogas
production using FW collected from the region of Kartamantul in Yogyakarta, Indonesia,
reporting the production of 13,087 m3 of biogas from 120 tonnes of FW and the economic
benefits of utilising biogas for cooking purposes and electricity generation for a life span of
20 years. Biogas utilisation for cooking purposes gave higher economic benefits in the form
of a Net Present Value (NPV) of USD 5.82 M, while electricity generation showed a NPV
of USD 2 M. The breakeven for electricity generation from biogas was noted to be USD
13.8 cents/kWhe, while it was USD 25.5 cents/m3- biogas when utilised for cooking [125].

For economic viability of FW-based bio-H2 production, Han et al. (2016) evaluated a
combined bioprocess for fermentative H2 production from FW using solid state fermenta-
tion. The plant was designed to convert 3 tonnes of FW into H2 daily. The total capital cost
and annual production cost were USD 583,092 and USD 882,98.1, respectively. The plant’s
return on investment, payback period, and internal rate of return were 26.75%, 5 years,
and 24.07%, respectively [126]. In another study, Krishnan et al. (2019) recommended a
H2-producing facility with a 50 m3 capacity for economic viability. The net present value,
payback duration, and internal rate of return for a scale of 50 m3 were determined to be
USD 526,551, 6.9 years, and 9.25%, respectively [127]. Similarly, Dinesh et al. (2018) exam-
ined the economics of hydrogen production on a 200 m3 capacity plant treating 100 tonnes
of feedstock daily. With the capital expenditure of USD 1,600,000, the plant was noted to
produce a yearly profit of USD 360,000 with yearly operational expenses of 548,568 USD.
As per the literature, the H2 price and annual production cost exerted the most significant
influence on the net present value [128]. Hence, more research is necessary to address the
technological and economic challenges associated with large-scale DF bio-H2 production in
order to establish it as a feasible and competitive technology.

Recently, Byun and Han (2023) used experimental kinetic data to simulate FW treat-
ment for H2 production and analysed economic viability by considering process factors and
economic parameters [129]. This project designed a high-capacity FW treatment system
for H2 production using AD and steam methane reforming. The results confirmed the
biohydrogen production of 0.2 tonnes from 50 tonnes of FW every day, with a MSP of
H2 USD 26.3/kg calculated using discounted cash flow analysis, a simulation model, and
current economic parameters. The study advocated for the influence of plant capacity
on production cost and minimum selling price. On scaling up the plant size to treat FW
of 2000 t/d, the minimum selling price was noted to drop to USD 6.2/kg (matching the
price of fossil-based H2). The economics of H2 production systems rely directly on the
technological advancement, cost, and accessibility of raw materials, as well as the capital
and operational costs of the process. From a sustainability perspective, it is imperative for
energy sectors and environmental regulations to prioritise the production of low-carbon
H2 while adhering to the highest environmental standards. Additionally, it will bestow a
competitive edge upon them and enhance customer receptiveness. Previous studies reveal
that in order to achieve economic feasibility, bio-H2 must be generated from renewable
feedstocks. However, the task of generating bio-H2 from renewable feedstock is proving
to be more arduous than initially expected. In order to achieve a high bio-H2 yield, it
is necessary to overcome certain challenges. Over the past two decades, there has been
significant progress in the development of bio-H2, transitioning from laboratory experi-
ments to pilot-scale applications and successfully addressing numerous obstacles along the
way [130].

Finally, DF biohydrogen production still has a long way to becoming a competitive
technology. A study by Jarunglumlert et al. (2018) explored the scaling up of biohydrogen
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production from food waste, revealing that annual revenue includes income from the sale
of hydrogen and CO2, solid waste in fermentation sold as animal food, and FW disposal
service charges. The study found that the minimum production scale of 40 m3 would
provide positive benefits with a 0.63% internal rate of return and a payback period of
9.7 years. The study also found that the highest benefit analysed by Aspen was achieved at
100 m3 with 81% of the annual return rate [131]. The environment impact of converting
any biomass into biofuel or value-added products is considered the crucial assessment
for any conversion technology. In this regard, Takata et al. (2013) studied comparative
methane yield from different experimental results for an LCA study on methane yield
(m3 CH4/t-VS) and concluded that methane production from food waste treatment can
reach 500 m3 CH4/t-VS in wet AD, suggesting the use of a value of 450 m3 CH4/t-VS for
the inventory of LCA studies. In dry AD, methane production does not exceed 300 m3

CH4/t-VS, and m3 CH4/t-VS is suitable for assessing GHG reduction from biogas yield.
This research group also summarised that the wet AD had high overall GHG emissions
(62 kg CO2-eq/t waste, 100% operating rate) due to pretreatment, deodorisation, and
wastewater treatment facilities. Simple wet AD with no additional equipment produced
the lowest GHG emissions (20 kgCO2-eq/t waste). The integrated composting system had
the second-highest total GHG emissions (35 kg-CO2eq/t waste) due to energy usage, while
the simple system had 12 kgCO2-eq/t waste. [132]. Moult et al. (2018) conducted a study
that revealed a comparison indicating that GHG emissions associated with conventional
biogas production from FW amounted to 89 kg CO2-eq/kg FW [133].

Similarly, Byun and Han (2023) conducted a study on environmental impact and
analysed the lifecycle inventory of 1 kg of H2 production from FW using simulation model
data. It was found that 1 kg of H2 consumed 255 kg of FW and 2.70 kWh of electricity, with
direct CO2 emissions from DF and heat production being 45.2 kg. This analysis considers
the potential CO2 emissions from conventional FW treatment methods like landfill, incin-
eration, dump, and composting as an alternative to the current treatment process [129].
Aydin and Dincer (2022) also reported a GWP of 0.5 kgCO2-eq/kg H2 from hydrogen
production from FW via the DF method [134]. Sun et al. (2019) conducted a study that
employed a life-cycle approach to thoroughly evaluate the energy conversion properties
and environmental consequences of two-stage biohythane synthesis using microalgae and
FW. The system’s overall GHG emissions amounted to 0.173 kgCO2-eq/MJ, mostly driven
by power generation, CO2 release in pressurised water, and energy recovery [135].

7. Treatment of Byproducts Generated from Anaerobic Processes: Digested
Slurry Management

It can be seen that AD is the most promising and sustainable process for the treat-
ment of organic waste. However, attention should also be paid to the AD/DF process
byproducts: the digestate (semi-solid residue) and the effluents (liquid digestate as well
as the leachate from composting reactors and maturation field). Digestate, the residue
left after anaerobic conversion (AD and DF) of organic waste, poses several challenges
in large-scale plant operations. Furthermore, due to the high variability of the volume
and composition of the effluent, treatments have been found to be difficult. These include
nutrient management, volume and handling, moisture content, pathogens, odour control,
regulatory compliance, long-term sustainability, energy consumption, market demand, and
feedstock variability [31].

Nutrient management is crucial to prevent environmental pollution when digestate
is used as fertilizer. Large-scale biogas/biohydrogen plants must implement efficient
digestate management practices, invest in appropriate equipment and technology, and
collaborate with regulators, researchers, and the agricultural community to find sustain-
able solutions for digestate utilisation. Also, it has to be noted that, compared to single-
stage anaerobic digestion for the biogas production, the dark fermentation–methanation
system increases the overall organic matter utilisation and provides a more stabilised
digestate [32,136].
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Several means of digestate treatment/management are available. Most often, it is used
as a fertilizer [31]. However, seasonality and excess formation in biogas plants necessitate
additional tanks for storage. Another process includes thermochemical processing such as
gasification, co-pyrolysis, hydrothermal carbonisation (HTC), etc. [30,137]. The demand for
alternative digestate markets and land recycling is increasing, with a focus on digestate
enhancement technologies like pyrolysis and hydrothermal carbonisation. These technolo-
gies aim to enhance the digestion process by converting digestate into carbonaceous solid
and liquid fractions [33]. Thermochemical conversion of digestate into energy vectors
(solid or gaseous fuel) is a promising solution to waste effluent management issues in
biogas plants [137]. Also, anaerobic processes often fail to recover energy and biofuels from
biomass, making digestate a promising material for energy production. Therefore, slurry
management in biogas plants is an urgent issue.

Among the thermochemical processes, HTC is considered a promising technology for
high-moisture biomass due to its unique advantages, such as no pre-drying process, milder
reaction conditions, fast reaction rates, and low energy input [138]. HTC is a specific type
of hydrothermal treatment process of biomass in a liquid environment, employing elevated
temperatures (180–350 ◦C) and pressures [137–140]. The procedure yields a solid substance
known as hydrochar, which is assumed to mimic the natural coal formation. Hydrochar
is frequently utilised as a solid fuel for combustion, but it also serves multiple other
purposes, such as soil amendment, energy storage, and absorption [29,138]. Furthermore,
the HTC process yields a byproduct known as process water. Thus, integrating HTC as a
post-treatment method for AD digestate in order to fully utilise wet organic wastes in a
biorefinery-oriented manner is a very promising and emerging technology. Also, HTC is
regarded as a potential technique for enhancing digestate by producing a solid hydrochar
and process water containing a high level of organic carbon [33].

AD processes have an energy conversion efficiency of 33–50%, with over half remain-
ing in digestate slurry. Digestate slurry treatment aims to reduce volume and recover
nutrients in concentrated form. Treatments like HTC improve efficiency and convert or-
ganic matter into high-carbon content, producing various products like solid fuel and
soil ameliorant [139]. The hydrochar produced via the HTC of AD digestate slurry can
enhance soil quality and fertility, but its properties depend on feedstock types and anaero-
bic digestion conditions due to their heterogenic nature. Though HTC process water can
enhance soil and nutrient availability, it can also cause oversalting, affecting plant growth
in long-term applications. So, monitoring of soil salinity levels is crucial for mitigation.
Strategies include adjusting application rates, using other soil amendments, and using
specific irrigation practices [140,141]. By utilising the HTC method, the pathogenic effects
of the digestate on human health and the environment can be also mitigated due to the
high temperature inactivation [141]. HTC uses high temperatures and pressures to reduce
heavy metal bioavailability in biogas digestate slurry, generating hydrochar as renewable
energy. This energy can be used in thermal power facilities, reducing fossil fuel use and
GHG emissions. Lastly, HTC also efficiently utilises carbonaceous raw materials, saving
energy for slurry drying [29,139]. In addition, the hydrochar produced through the HTC
process typically has a favourable energy density, allowing it to serve as an additional
energy source for the treatment of FW, leading to a circular economy. In recent years, there
has been a growing interest in integrating HTC with AD to enhance the energy extraction
from a feedstock. Various integration approaches are there, but there is limited information
on the most energetically viable route for valorisation [142]. Integrating HTC with AD
processes leads to high energy recovery from the biomass valorisation [9,143].

8. Envisaged Futuristic Integrated Bio-Thermo-Chemical Processes: An Innovative
Anaerobic Biorefinery Concept

Integrated biorefineries combine multiple processes within a single facility, max-
imising resource utilisation, enhancing synergies, reducing environmental impact, and
incorporating energy recovery processes [144,145]. Thus, integrating bio-chemical with
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thermo-chemical (i.e., bio-thermo-chemical) processes for waste may lead to higher energy
yields and more efficient solutions for biomass valorisation. In particular, combined and
integrated thermo-chemical and biological processes for waste can be included under
the umbrella of waste biorefineries [146]. They produce a variety of valuable products,
including biogas, biohydrogen, biofuels, bio-based chemicals, hydrochar, and nutrient-rich
digestate. Waste generation is minimised by using waste materials as feedstock, contribut-
ing to a sustainable approach to waste management. Integrated biorefineries also offer
economies of scale, flexibility, and adaptability, making the system more economically
viable. They also serve as hubs for research and innovation, driving advancements in
bioprocesses and technology. However, designing and operating these facilities can be
complex and require expertise in multiple disciplines [147–149].

Thus, the research should focus on an integrated holistic model to improve resource
management sustainability. So, the proposed envisions for integrated processes gives a
connected biorefinery system that combines biofuels and co-products with environmen-
tally friendly practices on greener footprints. Figure 8 represents the futuristic sustainable
model for integrated bio-thermo-chemical processes for the FW valorisation process. An
integration of HTC with two-stage DF-AD can overcome the drawbacks associated with
thermal or biological processing alone. The combination of two-stage DF-AD with HTC
post-treatment for digestate slurry management creates intricate and diverse methods to
transform organic matter into different value-added products while tackling waste man-
agement difficulties. The challenge lies in learning to integrate technologies for biological
systems with bio-thermo-chemical processes and extending the loops, such as operating
parameters across waste management systems. Innovation can create sustainable industrial
structures by combining technologies in partnerships and with favourable economics. Un-
derstanding the integration of different technologies and the flow of materials across waste
management systems is crucial. This integrated knowledge in low-carbon technologies will
underpin sustainability and closed-loop business objectives, driving modern bioeconomy
aspirations [150,151]. However, this approach is still in its infancy, with most studies
conducted at laboratory scale and few at pilot scale. The innovation and industrial sectors
should consider this approach to drive modern bioeconomy aspirations.

1 

 

 

Figure 8. Conceptualizing the integrated bio-thermo-chemical processes for food waste valorisation
for recovery of value-added products.

9. Conclusions and Future Perspectives

Food waste (FW) significantly impacts the environment and society by increasing
carbon footprints and depleting resources. Transitioning to circular biorefineries using
FW and organic waste valorisation will promote environmental stewardship in bioenergy
production and sustainable practices. The growing amount of FW presents opportunities
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for biofuels, but the type and diverse composition of FW still pose challenges. However,
the adoption of integrated biorefineries to utilise FW for maximum energy and product
recovery through the combination of biological, chemical, thermal, or electro-chemical
processes could be a viable alternative for the future. Single-stage AD of FW is widely
studied for its simplicity and economic viability, while two-stage AD/DF-AD processes
are promising for producing biofuels like biogas, bio-H2, and biohythane and value-added
products. The integration of FW into the bioeconomy requires efficient and cost-effective
production methods. Effective FW valorisation pathways can manage and reduce carbon
footprints, while government interventions and policies are crucial for a circular economy
and sustainable development. Eventually, an integrated bioeconomy for FW management
necessitates scientific, social, and political advancements for a cleaner, more sustainable
future. Commercial digestate utilisation is challenging due to digestion conditions and
limited commercialisation potential of specific technologies.

The integration of hydrothermal and anaerobic processes for simultaneous bioenergy
production and digestate management could lead to higher economic outputs. Neverthe-
less, bottlenecks need to be addressed, including optimising factors, developing low-cost
valorisation methods, and slurry post-treatment. This integration could result in production
of biogas, bio-H2, biohythane, hydrochar, soil ameliorant, and other value-added products.

The circular bioeconomy helps us by conserving resources for a longer duration of
time and also works towards the “waste-to-wealth” concept, which led to the emergence
of new technologies, types of employment, and livelihoods, apart from other intrinsic
environmental benefits, ultimately achieving zero waste and a significant reduction in
emission of greenhouse gases. Hence, the closed-loop system of circular bioeconomy can
be used as a tool to ease the reduction in FW and deal with associated remediation in the
future. Further, to develop practical biomass valorisation technologies using integration of
hydrothermal and biochemical techniques, multi-dimensional analysis of carbon footprints,
environmental loads, energy sustainability via life cycle assessment studies, and economic
benefits is needed.
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