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Abstract: The world’s rising energy needs, and the depletion of fossil resources demand a shift from
fossil-based feedstocks to organic waste to develop a competitive, resource-efficient, and low-carbon
sustainable economy in the long run. It is well known that the production of fuels and chemicals
via chemical routes is advantageous because it is a well-established technology with low produc-
tion costs. However, the use of toxic/environmentally harmful and expensive catalysts generates
toxic intermediates, making the process unsustainable. Alternatively, utilization of renewable re-
sources for bioprocessing with a multi-product approach that aligns novel integration improves
resource utilization and contributes to the “green economy”. The present review discusses organic
waste bioprocessing through the anaerobic fermentation (AF) process to produce biohydrogen (H2),
biomethane (CH4), volatile fatty acids (VFAs) and medium chain fatty acids (MCFA). Furthermore,
the roles of photosynthetic bacteria and microalgae for biofuel production are discussed. In addition,
a roadmap to create a fermentative biorefinery approach in the framework of an AF-integrated bio-
processing format is deliberated, along with limitations and future scope. This novel bioprocessing
approach significantly contributes to promoting the circular bioeconomy by launching complete
carbon turnover practices in accordance with sustainable development goals.

Keywords: organic waste; biomethane; biohydrogen; waste biorefinery; volatile fatty acids

1. Introduction

Our need for a waste-derived bioeconomy culminates from multiple areas of concern.
These include, firstly, the well-documented non-renewability of our principal sources of en-
ergy and industrially important chemicals, i.e., petroleum-based products, and their effects
on the environment and climate change [1]. Secondly, the drastic increase in waste produc-
tion (50 million dry tons in the US alone in 2017) and unsustainable disposal strategies,
such as landfilling or incineration [2]. Thirdly, to meet the increased demand for alternative
renewable products and chemicals, it is important to develop sustainable methods and
processes [3]. Taking a waste-to-treasure approach towards producing environmentally
benign solutions can be sustainable only if an economy is modeled around it, with the
potential to create a green world and solve problems, such as food security. Several types
of organic waste that can be used as renewable feedstock include food waste, agricultural,
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forestry, and animal waste, and sludges [4]. The conversion of different kinds of biomass
to produce energy has been known for a long time, but the biochemical conversion of
waste for this purpose has gained importance in the last century [5,6]. Typically, wastes
are categorized based on composition, source of production, targeted product recovery
or consumption [7]. Organic wastes with a high transformation potential can be used in
AF to produce liquid biofuels, gaseous fuels, and multiple renewable platform chemicals.
Sugars, fats, and similar compounds in wastes can be directly converted to useful renew-
able chemicals because of their use in industrially important materials, such as paints,
lubricants, adhesives, etc. Food-grade wastes are exploited for their use in flavoring and
preservatives. Lignocellulosic materials, on the other hand, have been explored for their
potential in biofuel production [8].

Anaerobic fermentation (AF), or anaerobic digestion of organic waste, produces biogas
as a major product and contains 40–60% methane (CH4). Due to the high feasibility of
AF, biomethane can be produced from a variety of waste sources including crop residues,
organic fractions of municipal solid waste, and wastewater sludge [9,10]. Anaerobic
fermentation is also a practical feasible method for biohydrogen production from waste
including food waste; food wastes are the most suitable because of their high degradability
and rich carbohydrate content [11]. Biofuels are known to substitute conventional fuels. The
European Directives stipulated that up to 10% of gasoline and diesel could be substituted
by biofuels by 2020 [12]. Production of biofuels from municipal solid waste and the
household and biomass fraction of industrial waste is an important part of the Sustainable
Development Goals (SDGs) agreed upon by the UN in 2015. Lignocellulosic feedstock and
edible waste are the most important sources being studied to produce liquid biofuels [13].
Bioethanol and biobutanol are the major candidates for the replacement of traditional
fuels. Biobutanol is an excellent substitute for gasoline due to its high energy content, low
volatility and high industrial use as a solvent [14]. Organic carbon derivatives from formic
acid, acetic acid, and propionic acid to decanoic acid are called VFAs and are products
of the acidification phase of AF [15,16]. These short and medium chain fatty acids can
further be used as platform chemicals to produce plasticizers, fertilizers and so on [17].
Mainly produced through the fermentation of food and mixed organic wastes, the demand
for these chemicals in the food, pharma, textile and other industries is significant with an
average annual growth rate of 5% [6,18].

Waste collection, pre-treatment, bioprocessing, and purification or downstream pro-
cessing of bioproducts/fuels are energy and cost-intensive, while traditional processes,
such as incineration or composting, are more economically friendly. Optimization of these
processes is an active area of research to enhance biobased products’ marketability [19].
However, on a brighter note, a recent survey by the UK Government noted that the EU
bioeconomy had already triggered a turnout of nearly 2 trillion euros, with an estimation
of a 1:10 euro value addition by 2025. This not only accounted for 9% of total employment
in the EU, but also forecasts great investment opportunities in the Green Investment sector,
given the availability of waste feedstock. This clearly demonstrates that what has already
been achieved in the sector holds great opportunities for the bioeconomy, and more focused
efforts will ensure an active promotion of the same. In India, it was estimated that the solid
waste produced would rise to 436 MT by 2050, which would be worth USD 13 billion by
2025 [20].

On the other hand, the global population will reach nine billion by 2050, which would
require a 50% increase in both food and energy production, according to the United Nations
report (EUSBSR, Five principles for a sustainable economy, 2017). Meeting fundamental ne-
cessities while reducing negative environmental effects is the key challenge. Bioprocessing
of waste offers a suitable solution to find and utilize resources alternative to the conven-
tional ones, while reducing the environmental impact and providing waste management
solutions with the production of high-value products. Today, this field can integrate into
a variety of industries, from energy, construction, biofuels, bioplastics, textiles, and food.
However, it should also be noted that all bioeconomic processes are not sustainable. There



Energies 2023, 16, 3873 3 of 24

are renewable sources that have already been overexploited, and their further use must be
minimized. A sustainable bioeconomy, hence, requires that we find sustainable sources and
build sustainable processes around them, i.e., develop technologies that maximize product
recovery from waste and at every step contribute to a circular economy to reuse and recycle
materials [21,22]. It also requires that we make decisions that are economically workable
and contribute to the social, economic, and environmental upliftment of rural, urban, and
global societies. This study emphasizes the potential of biogenic waste/wastewater as an
alternative feedstock for renewable chemicals and fuels to establish a bioeconomy. The
potential of organic waste-driven production for gaseous fuels (biohydrogen, biomethane
and biopropane/hythane), and renewable chemicals (volatile fatty acids and medium chain
fatty acids) is discussed. An exploration of the current state of the bioeconomy for each
of these products, their diverse sources and productivity trends, is covered. Furthermore,
the scope of biorefinery establishments along with limitations and challenges of waste
bioprocessing that stand to build a sustainable biobased economy are deliberated.

2. Feedstock and Optimization Strategies
2.1. Organic Waste

According to the food and agricultural organization, one-third of global food waste is
through losses in the supply chains. The EU countries alone produced 89 MT of food waste
(FW) in 2012 [23]. These FW are improperly disposed, thereby increasing contributions to
landfills or incineration, causing air pollution. Alternatively, FW could be subjected to AF to
produce biogas and VFAs [24]. Though the composition of VFAs varies based on source and
origin, food wastes are known to be rich in organic content along with required nitrogen
and phosphorous contents. This makes them highly supportive of microbial growth, and
hence, can be exploited for bioprocessing. Studies demonstrated the potential of FW as a
substrate through its bioconversion to VFAs, with an excellent yield by yeast and acetic
acid bacteria (AAB) fermentation [25]. Agricultural waste also falls under the category of
mixed organic residues. These residues have been subjected to AF and extensively used
in the European nations to recover multiple benefits, including biogas, renewable energy,
and fertilizer. More than 15,000 units for biowaste conversion are operational in the EU
today [26,27].

2.2. Optimization Strategies

As discussed above, various organic waste derived from agricultural, food, vegetable,
or fruit and brewery can be a potential feedstock for biobased products via AF. AF is a series
of interdependent processes that terminate with methanogenesis; biomethane has been the
focus of many studies using organic waste as substrate (Figure 1). However, owing to the
effect of methane on the global environment as a major greenhouse gas, the role of hydrogen
and reaction intermediates, such as VFAs, have come into the limelight [28]. Since methane
is a natural consequence of the fermentation process, obtaining VFA requires arresting the
process at the acidogenesis stage of AF [1]. This involves the following stages: (i) choice
of the substrate, (ii) mixed consortia vs. pure cultures and medium composition leading
to different ratios of acidogenic products, (iii) non-specificity of products, i.e., selecting a
product and maximizing its yield from multiple VFAs obtained, and (iv) product feedback
inhibition. These stages are further described below.

(i) Choice of substrate: it is generally observed that substrates with high sugar content,
for instance, brewery trub, show higher stoichiometric methane production, and hence,
higher VFA production, than that of more complex fibers, such as fruit mass or tree
waste [29]. A recent survey conducted on research into AF for VFA production between
2010 and 2020, showed that approximately 50% used sludge and food waste while 6.3%
used lignocellulosic biomass as feedstocks [30]. Food wastes are considered the best
substrates for VFA production as they are rich in materials indispensable for microbial
metabolism, such as organic matter (15–20% total solids). Animal excrement was found
to have a higher amount of nitrogen and phosphorus compared to carbohydrates [31].
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Lignocellulosic biomass has good amounts of carbohydrates and is gaining importance
as feedstock for biorefineries. To increase yield from lignocellulosic biomass, different
optimization strategies have been suggested, one of the most important being pretreatment.
The main goals are to remove useless inert material, reduction in substrate size, and
extraction of simpler compounds via pretreatment by breaking lignin protection. Physical
methods achieve these via the mechanical deconstruction of biomass such as milling,
while chemical methods use solvents for the solubilization of complex fiber material.
Biological methods are the most environmentally friendly as they use natural enzyme
hydrolysis to achieve pretreatment, but their kinetics are terribly slow [1]. However,
substrate overloading and product inhibition soon limit acidogenic yield. This is well-
studied: cells in the broth are forced to balance the acidification of the broth and are drawn
away from metabolism, which lowers yield. (ii) Mixed consortia are preferred as they
digest different complex feeds and ensure a diversity of metabolic pathway utilization,
opening up the possibility for co-fermentation [16]. (iii) Non-specificity of products, or
using multiple substrates, helps maintain the C/N ratio which in turn can aid the growth
of acidogenic bacteria [29,32]. Varying the pH was shown to improve yield in many
cases [32]. (iv) Acidification of the medium results in process feedback inhibition because
microorganisms are forced to maintain pH homeostasis, resulting in an acid shock [33].
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3. Anaerobic Fermentation or Dark Fermentation
3.1. Biohydrogen

A clean gaseous renewable fuel biohydrogen (bioH2) with a high energy density
(approximately 142 kJ/g) can be derived from biomass or organic waste (a renewable
source) [33,34]. Biohydrogen is considered as one of the most promising alternative fu-
els. This renewable energy source has the potential to replace fossil-based oil, gas, and
to a considerable measure, electricity [35]. In recent years, interest in the production of
dark fermentative biohydrogen has increased by utilizing various feedstocks including
biogenic waste/wastewater employing mixed and pure culture [36,37]. Other than bio-
logical processes, several methods have been employed to produce H2, including water
electrolysis, CH4 reforming, coal gasification, and natural gas oxidations. However, these
processes rely on the utilization of non-renewable resources and demand high temper-
atures (>700 ◦C), rendering them non-sustainable and inefficient. As a result, interest
has grown in biological routes, such as photo and AF, and its integration with other pro-
cesses to produce renewable hydrogen (biohydrogen) using inexpensive, inorganic and
carbon-rich waste and wastewater as substrates [38]. Moreover, these methods have low
operating temperatures and pressure requirements. Microorganisms are the key players
in bioH2 production [39]. Microorganisms in nature exist in communities that dynami-
cally change and involve syntrophic interactions in a productive ecosystem. Both pure
and mixed cultures have advantages and drawbacks. The bioprocess is limited to using
pure culture systems in biotechnological applications [33,40]. Individual microorganisms’
physiological and metabolic capabilities are constantly being explored using a range of
methods that help regulate the bioprocesses that are performed by self-selecting micro-
biomes [41]. In this direction, the pretreatment of mixed culture plays a key role in targeting
the product of interest. Mixed microbial cultures, in particular anaerobic sludge, are more
practical and effective sources of inoculum. Mixed culture offers various advantages in-
cluding capacity to endure harsh environmental conditions, availability in nature and
flexibility to accommodate a variety of substrates [42,43]. A mixed culture is composed
of both hydrogen-producing and consuming microorganisms (i.e., homo-acetogens and
methanogens). Hydrogen-consuming microbes hamper the biohydrogen production pro-
cess. Therefore, to increase biohydrogen production, it is necessary to suppress or inhibit
hydrogen-consuming bacteria, particularly methanogens, in mixed cultures [5].

Targeting a higher yield of bioH2, an effective inoculum pretreatment strategy was
developed to suppress methanogens in the mixed culture. Different pretreatment methods,
including chemical, physical, and others, are employed to suppress methanogens with
simultaneous selective enrichment of bioH2-producing bacteria in the mixed culture. It
is crucial to employ an effective pretreatment method to enhance bioH2 producers and
reduce its consumer (methanogens) in the mixed culture. With this aim, several pretreat-
ment methods are employed, including chemical (acidic, alkaline), physical (heat shock,
ultrasonic, microwave), and others (enzymatic). Enriching phylogenetic groups of microbes
in mixed culture applications can accelerate substrate uptake to produce metabolites. How-
ever, the challenge that must be overcome is the theoretical yield. To address this issue,
the production of biohydrogen has been integrated with other processes in a biorefinery
structure to maximize the system’s energy output. Recent design and engineering of the
synthetic microbial consortium have become a significant avenue in biotechnology [44,45].
A synthetic consortium could be composed of self-selecting microbiomes, pure cultures,
genetically modified organisms, or wild-type organisms. The motivation to develop a
synthetic microbial consortium is to overcome the physiological limitations that exist in the
microorganisms currently used in the bioprocess [44–46].

Apart from these processes, microbial electrolysis cells (MEC) is the latest innovative
technology developed for biohydrogen production where the electrochemical components
of cells are combined with fixed-biomass anaerobic bioreactors [47,48]. In MEC, organic
matter is decomposed to form protons, electrons, and CO2 by biofilm formed on a solid
electrode by electrochemically active bacteria. Transfer of electrons to the cathode from the
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anode is achieved, while protons are allowed to migrate to the catholyte from the anolyte
to produce biohydrogen on the cathode through the reduction of protons in the catholyte
and electrons on the cathode [49,50]. As this process is not spontaneous in nature, external
power is supplied throughout the process. Recently, technological advancements have
enabled application of bioengineering, genomics, and computational tools for enhancing
biohydrogen production [51]. Strategies such as use of nano catalysts, integration of
processes (physical + chemical + biological), and application of ultrasound irradiation
during pretreatment process significantly improve the yield of bioH2.

3.2. Biomethane

Biomethane is a well-known renewable natural gas with distinct names and comes
from organic waste bioconversion through anaerobic digestion (AD). AD is a biological
process that occurs through four steps and produces biomethane as an end product [52,53].
The process begins with the breakdown of complex organic polymers into monomers, such
as amino acids, fatty acids, and sugars. Further, these monomers are transformed into VFAs
(acetate, butyrate, and propionate) by fermentative bacteria (acidogens). Finally, VFAs are
converted to biomethane (CH4) by methanogens. The AD process can potentially break
down a variety of feedstocks, including lignocellulosic feedstocks, food waste, and agricul-
tural and livestock wastes to produce biomethane. However, the methane content in the
biogas that evolves during AD greatly varies with respect to the nature of the substrate and
operating conditions being employed. For instance, compared to lignocellulosic biomass
which yields 330 mL CH4/g VS (volatile solids), a higher methane yield of 450 mL CH4/g
VS can be produced from a substrate rich in sugar and starch [54]. A relatively lower
biomethane output is due to the complex structure of lignocellulosic biomass, which makes
it particularly resistant to anaerobic breakdown. Due to the biomass’s recalcitrant structure,
commercial production of biomethane from lignocellulose is eventually constrained. In-
creasing surface area, removing lignin, and reducing cellulose crystallinity are necessary
pretreatments for lignocellulose biomass to overcome this barrier. Various pretreatment
methods have been developed to overcome the limitations caused by the recalcitrant struc-
ture of biomass. Any feedstock that contains organic matter has good potential for biogas
production. Apart from lignocellulosic (including energy crops) and industrial biogenic
waste, sludge and settling wastewater can be used as renewable feedstock. Using these as
feedstocks rather than leaving them as waste has benefits for both the economy and the en-
vironment. Renewable natural gases emit less CO2 compared to fossil-derived natural gas.
This is because the CO2 is either restored using energy crop plants or it is CO2 that would
otherwise be emitted by waste. However, from an environmental perspective, renewable
natural gas (biomethane) poses the same environmental risks as fossil-based natural gas.
Upon burning, it emits particulate matter, carbon monoxide, sulfur dioxide, nitrogen oxide,
and hydrogen sulfide into the environment, which are all long-lived greenhouse gases.
Despite the environmental risks, biogas (biomethane) is currently being produced at a
large scale, which has significant advantages for distribution and consumption in the grid
infrastructure and for appliances already in place, making it a promising alternative heat
and energy source that does not require initial capital investment from consumers. Other
advantages include the easy transportation of gases over long distances with minimal
energy requirements. For example, areas with cheap, plentiful biomass may readily be
connected to industrial and residential demands. In one study, it was found that biosolids
in US wastewater alone could provide feedstock for enough biogas to meet 12% of the
country’s national demand for electricity [55]. It should be emphasized that biogas must
first be purified to be utilized as fuel. Gas upgrading is the process of removing traces of
water, carbon dioxide, hydrogen sulfide, and other substances to transform the gas closer
to fossil-based natural gas. Biogas upgradation significantly increases the methane content
to at least 90%, enabling the gas to be distributed to customers using existing infrastructure
and everyday appliances. Moreover, electricity generated from high quality biogas is
extremely advantageous for the development and preservation of the environment [56,57].
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3.3. Bio-LPG (Bio-Propane)

Bio-propane, an analog of bio-LPG (bio-liquid petroleum gas) is a sustainable alterna-
tive to its fossil fuel counterpart [58]. With a low carbon-to-hydrogen ratio compared to
coal and oil, LPG burns clean and emits significantly less CO2 per unit of heat produced.
This results in significant carbon savings [59]. Mainly used for domestic consumption
and transportation, LPG consists of propane as its chief component, occupying third place
worldwide for its use as a transportation fuel [60]. Propane is attractive due to its easy
transitions between the gaseous and liquid phases at ambient conditions. This feature
makes it simple to separate from the liquid-based biotechnological process as a gas [61].
Bio-propane can be produced in massive quantities from waste feedstocks, such as food
waste, farm waste, and sewage, by integrating different processes in a biorefinery approach.
Biomass-derived fermentation originated from long-chain fatty acids and VFAs can be
precursor molecules to produce both liquid and gaseous hydrocarbons using a variety of
chemistries. The use of these biobased precursor molecules will become more significant
when separated from the mixture/fermenting media. The separation procedure, however,
is challenging and increases production costs by up to 40% [29,62].

Bio-propane is produced during the manufacturing of biodiesel as a by-product. Bio-
propane is a drop-in biofuel of fossil propane, an advantageous aspect for entirely replacing
fossil propane with sustainable bio-propane [58]. Initially combined with a mixture of low-
value fuel gases due to being a byproduct, the full potential of using bio-LPG/bio-propane
was realized in 2017 when Finland-headquartered Neste extracted Hydrogenated Vegetable
Oil (HVO) bio-propane from its HVO plant in Rotterdam, Netherlands [58]. At present, two
promising methods of bio-LPG production as a product are known, namely, hydrotreatment
of bio-oil and gaseous conversion and synthesis of cellulosic organic wastes, of which the
bio-oil method has been commercialized, while the latter is in the demonstration stage.

While microbes can produce C2 and C3 hydrocarbons, their yield and concentration
can be higher with naturally occurring microbes due to their better environmental adap-
tation. The production of propane in marine sediments is a result of microbial synthesis,
indicating microorganisms’ capability for utilizing various substrates with different ap-
proaches [30,59]. A new avenue to bio-LPG has just been offered via synthetic biology. Even
though earlier genetically modified bacteria produced a significant amount of propane,
the toxicity induced by high propane concentrations faced substantial difficulties for in-
dustrial biotechnology [31,32]. A naturally occurring propane-biosynthesizing bacterium
(Photobacterium sp. FC4.9) was isolated from sediment. In addition, several genes inside this
strain’s genome were found to possibly be part of the pathway for propane production [59].
Engineering a synthetic metabolic pathway is another way to produce renewable propane.
In Escherichia coli, the process that converts fatty acids into cell membranes was interrupted
and directed toward the production of propane. A pathway with three essential enzymes
was engineered to produce propane: (i) thioesterase to produce butyric acid, (ii) a carboxylic
acid reductase to convert butyric acid into butyraldehyde, and (iii) aldehyde-deformylating
oxygenase (ADO) [61]. The propane titer can be enhanced by eliminating competing routes,
adding a developed version with improved specificity towards short-chain substrates, and
integrating a ferredoxin-based electron supply system [32]. Upon using these fuels in a
range extender engine, the carbon emissions can be decreased by 10% when using LPG,
20% when using CNG, and 99% when using renewable biomethane (in place of CNG)
and bio-propane (in place of LPG). Aiming to scale up the process, Neste invested EUR
60 million towards a bio-LPG (bio-propane) production and storage facility in Rotterdam,
targeting a production capacity of 30 to 40 k tons of fuel per year [63]. Compared to
fossil-based LPG, bio-propane produced via catalytic hydrothermal decarboxylation of
butyric acid derived from biomass can be found at affordable prices. Onwudili and Nouwe
Edou found that the selling price of bio-propane excluding CO2 was USD 2.51/kg; further,
the price can be significantly reduced to USD 0.98/kg (less than USD 1.25/kg, the current
price of fossil LPG) by incorporating the UK’s renewable energy subsidies [64].
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4. Photo Fermentation
4.1. Photosynthetic Bacteria

Fundamental research has shown that algae and bacteria can produce molecular
hydrogen. PF offers several benefits, including stabilizing the organic substrate source
with the production of a significant amount of hydrogen (over 90%) in biogas. PF is a
light-dependent process driven by phototrophic purple-non-sulfur-bacteria (PNSB) that can
effectively convert a wide range of organic substrates (especially short-chain organic acids)
into electron donors to produce molecular hydrogen, with greater conversion efficiency
under anaerobic conditions. PNSB is one of the first photosynthetic organisms to appear on
Earth and are red or purple-colored oxygenic and anoxygenic bacteria. In PNSB, electron
and proton transfer reactions transform light energy into biochemically usable energy that
meets their energy needs to survive. Light-harvesting pigments absorb light to initiate
photosynthesis, followed by the transfer of electronic excitation energy to the reaction
center protein [65].

Organic acid degradation by PNSB yields 4–10 mol H2/mol of substrate [66]. The
nitrogenase (MoFe), catalyzes the synthesis of ammonium, and plays a key role in the pro-
duction of hydrogen by PNSB (Equation (1)). Reduction of protons to molecular hydrogen
is helped by nitrogenase occurring in the PNSB (Equation (2)).

N2 + 16 ATP + 8e− + 8H+ → 2NH3 + 16 ADP + 16Pi + H2 (1)

8H+ + 8e− + 16 ATP→ 4H2 + 16 ADP + 16Pi (2)

The primary metabolic routes of PNSB include the Calvin–Benson cycle followed by
glyoxylic acid cycle, Embden–Meyerhof–Parnas pathway, and tricarboxylic acid cycle [67].
In addition to producing molecular hydrogen, PNSB can also biosynthesize various bio-
chemicals, such as a-aminolaevulinic acid, bacteriochlorophylls a and b and biodegradable
thermo-polymers, exhibiting several competitive metabolic pathways [25,26]. GAC is a
PNSB-specific metabolic pathway that majorly contributes towards the breakdown of VFAs
for biomass production. PF-based bioahydrogen production has been developed and im-
proved significantly with the aid of biotechnology. The production of photo-fermentative
hydrogen is influenced by multiple biotic and abiotic factors, including illumination regime,
immobilization methods, the use of photo-luminating nanomaterials, genetic engineering,
and other techniques. These strategies improve the system performance to produce biohy-
drogen by PNSB. Further, in a biorefinery approach, the organic acids produced during
AF can be used as feedstock to produce biohydrogen by photo-fermentation [68]. This
approach aids in overcoming the toxicity caused by the change in pH of the fermenting
media towards acidic. The single-stage co-culture technology can also be helpful because
it shortens fermentation times and boosts hydrogen productivity [69]. Different studies
proposed the integration of dark and photo-fermentation for biohydrogen production.
Moreira et al. [70] studied single-stage photo-fermentation co-culturing acidogenic and
photosynthetic bacteria of Enterobacter cloacae and Rhodobacter capsulatus with a bioH2 evo-
lution rate of 262.77 mmol H2/L/day. The single-stage study proved advantageous for
reduced fermentation duration, making simple handling and improving yields [71].

4.2. Microalgae

Photosynthesis is a natural mechanism that plays a crucial role in keeping life on
Earth. By using the sun’s energy, algae and plants produce biomass and sugar through
photosynthesis, releasing oxygen in the process [71,72]. Microalgae can grow faster than
higher plants, supplying a platform for both industrial and academic research. The two
photosynthetic complexes, known as photosystems-I and II, function under light with
different wavelengths. Importantly, the conversion of light energy into chemical energy
is powered by the intake of light energy into photosystems I and II, allowing electrons
into the photosynthetic machine [73,74]. During this process, electrons are transmitted to
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the ferredoxin protein. In green algae, molecular hydrogen is produced when ferredoxin
sends electrons to an enzyme hydrogenase during photosynthesis. Thus, the production
of this renewable molecular hydrogen (H2) is light-dependent, and can be a potential
source of energy in the future. Recently, researchers demonstrated the possibility of two
photosystem-I monomers in plants joining together to form a dimer, further characterizing
the chemical structure of this novel type of molecular machine [73].

Synthesis of microalgal metabolites proceeds in a complex metabolic process. Com-
pared to bacteria, fungi, and higher plants, the specific molecular mechanisms or strategies
in microalgae are still poorly understood and functionally uncharacterized. However,
recent developments in genome sequencing and strain development technologies motivate
advanced research on microalgae. Improving the metabolism through genetic engineer-
ing can aid to achieve enhanced hydrogen production through microbial photosynthetic
pathways with simultaneous microbial bioconversion of organic feedstock [73]. For better
understanding, several potential strains, including Scenedesmus obliquus, Chlamydomonas
reinhardtiim, Chlorella fusca, Platymonas subcordiformis, and Chlorella vulgaris, have been
evaluated for biohydrogen generation. Chlamydomonas reinhardtii and Chlorella pyrenoidosa
are two common model species known for their strong hydrogenase activity, quick growth,
simple cultivation, and clear genetic information [72]. On the other hand, the atmospheric
and room-temperature plasma (ARTP), a whole-cell mutagenesis method developed with
functions based on helium radio-frequency atmospheric-pressure glow discharge plasma,
is considered more beneficial than conventional UV radiation or chemical mutagens. For
many bacterial, fungal, and algal species, ARTP has been successfully employed to increase
biomass and metabolite productivity [75,76]. The bioH2 production by mutant Chlamy-
domonas reinhardtii was enhanced up to 1.8–5.2 times greater than the wild type by reducing
the size of the chlorophyll [76]. Although photo-hydrogen production through algae is one
of the most promising methods to produce green hydrogen energy due to the algae’s high
efficiency in harvesting light and converting it into energy, more research is needed at the
lab and semi-pilot scale for large-scale commercial production.

5. Renewable Chemicals
5.1. Volatile Fatty Acids

VFAs, or short chain fatty acids (SVFAs), are aliphatic monocarboxylate compounds
with two to six carbon atoms. Formic (C1), acetic (C2), propionic (C3), butyric (C4) and
valeric (C5) acids are the most common VFAs and are produced naturally in the guts of
higher organisms through the AF of carbohydrates [6,77] (Figure 2). Biological production
of VFAs has increasing market demand because of the cost-effectiveness and environmen-
tally friendly approaches [37,78]. Food waste, waste-activated sludge and lignocellulosic
biomass have been considered suitable sources for VFA production. AF of these typically
produces biogas, but VFA is formed as an intermediate after the hydrolytic and acidogenic
stages. This process is optimized at the reaction level by arresting further methanogene-
sis through inhibiting methanogens using non-genetical methods with knowingly high
organic load operation, heat pretreatment and BESA (2-bromoethanesulfonic acid) pre-
treatment. The factors that affect the production of VFAs include hydraulic retention time,
pH, temperature, substrate composition, and inoculum to substrate ratio. An important
challenge in this process is the recovery of VFAs which is made difficult by the formation of
azeotropic mixture with water. In addition, immediate purification or conversion of VFAs
into value-added products is crucial. It is important to note the diversity of products that
can be retrieved by using VFAs as starting material. One such instance is the usage of VFAs
produced from biomass as feedstock for the cultivation of lipogenic microalgae and yeasts
in the context of biodiesel production.
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Integration of VFAs into other sustainable processes has revealed that VFAs are promis-
ing substrates for microbial electricity production and bioplastics, such as polyhydrox-
yalkanoates (PHA), hydroxybutyrate, and hydroxy valerate. Some bacteria are known to
synthesize hydrogen with VFAs as an energy source. The ever-expanding markets are now
becoming more receptive to these sustainable alternatives and researchers are focusing on
developing an integrated bioeconomy around these chemicals. For example, the market
size of VFAs produced via AF of biomass was calculated to increase to 18,500 kilo tons by
2020 because of economic growth. An analysis in 2018 revealed that VFA production from
food wastes showed a profit of 296 USD/ton-VS, as opposed to the 9 USD/ton-VS obtained
from methane production. VFA has the additional advantage of easy storage, compared to
methane [11]. This points towards a tangible market potential for the chemicals to integrate
with or to replace conventional chemicals and the scope for better waste management, a
circularized economy.

5.1.1. Acetic Acid

Acetic acid (AA) is a two-carbon molecule that is ubiquitous in the biosphere. It is
an important part of animal, plant, and microbial metabolism. Its industrial applications
range from the food industry to complementing petrochemical reagents. The Asia-Pacific
regions are the largest consumer of acetic acid because of the increasing demand for
acetic acid-derived essentials in the paint and textile industries, such as VAM, purified
terephthalic acid, and ethyl acetate. Further predictions assign a considerable rise in
demand, which increases the need for more sources of production and purification of
acetic acid. Conventionally, AA could be derived by chemical catalysis via carbonylation
of methanol or oxidation of acetaldehyde and ethylene. However, fermentation-based
production of AA has gained importance as a potential alternative to chemical catalysis
(Figure 3 and Table 1). AA can be produced from the oxidation of ethanol by 19 different
genera of gram-negative bacteria [79]. Another particularly important mode of biobased
AA production is via AF by homoacetogens. These anaerobes ferment sugar to produce an
overall fermentation yield of 85% (w/w) of acetate and are hence preferred for industry use.
Some of the most common acetogen phyla include Spirochaetes, Firmicutes (e.g., Clostridium),
Chloroflexi, and Proteobacteria, out of a prospective 100 species and more than 20 genera [80].
Acetobacterium and Clostridium are the most extensively investigated homoacetogens which
can utilize various substrates, such as CO2, CO, sugars, formate, methanol, pyruvate, and
lactate [16]. Applications of acetic acid in the food industry include its role as a flavoring
agent, preservative, and acidity regulator. In the chemical industry, it is a key component
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to produce various acetate compounds that are important in paint, plastic, and synthetic
fiber production [6,33,81].
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Various feedstock rich in carbohydrates have been evaluated to produce both mixed
acid and pure AA employing Acetobacter aceti. This process involves sugar fermentation to
produce biogas where VFA are intermediate products. Aerobic bacteria, such as Acetobacter
and Glucanacetobacter, are extensively used for their aerobic production of food-grade vine-
gar in the industry. Production of acetic acid from biomass without microbial fermentation
is being investigated where solvent extraction is used. It has been shown that mild solvents,
such as super and subcritical water, can be used for this purpose. A Brazil-based company
called Braskem has patented the anaerobic co-production of acetic acid along with other
high-value materials which seem to greatly improve yield [82]. Pretreated straw and grape
pomace comprised 78% cellulose and hemicellulose, which were utilized to produce ethanol
and acetic acid [83]. Further, steam-treated lignocellulosic biomass derived from wheat
straw, forest residue, switch grass, and sugarcane straw were fermented to acetic acid along
with 5-hydroxymethyl furfural using the Moorella thermoacetica strain. This bacterium was
reported to have completely consumed xylose and glucose and achieved an average of 50%
of mannose, arabinose, and galactose within 72 h of fermentation, producing 71% of the
theoretical yield [84]. Acetic acid production has also been reported from the pyrolysis oil
of lignocellulosic biomass [85].

Table 1. Microbial production of acetic acid.

Culture Substrate/Fermentation Conditions Production (g/L) References

Acetobacter aceti Cheese whey, 30 L Integrated Fermenter, pH 2–11 96.9 [86]

Clostridium acetium Mixed gas (163 mL Glass Serum bottle), pH 7.08–7.27 1.3 [87]

Clostridium lentocellum SG6 Paddy straw, 120 mL serum vials, pH 7.2 30.9 [88]

Moorella thermoacetica Sugarcane straw hydrolysate, 1.3 L Flask, pH 6.8 17.2 [84]

Saccharomyces cerevisiae +
Acetobacter pasteurianus Glucose, 10 L Fed batch 66.0 [89]

Streptococcus lactis and
Clostridium formicoaceticum Whey lactose, 5 L Fermenter, pH 6.4 30 [90]

Acetobacterium woodii Corn Stover, 3 L sterilized fermenter Bioaugmented with
A. woodii, pH 6.5 30.8 [91]

Kluyveromyces fragilis Whey, 500 mL Shake flask, pH 8.5 25.85 [92]

Acetobacterium BR-446 Carbon dioxide (CO2), BR-446 batch cultivation, pH 7.3 51 [93]



Energies 2023, 16, 3873 12 of 24

5.1.2. Propionic Acid

Propionic acid (PA) is a three-carbon carboxylic acid that has industrial importance
as an intermediate chemical. Conventionally, it is produced through the Reppe and Lar-
son processes which involve catalytic conversion of ethanol and carbon monoxide into
propionates, or alternatively the oxidation of propionaldehyde [94]. PA has extensive
applications as an antimicrobial in the pharmaceutical industry and as a component in the
manufacture of cellulose-derived plastics, such as textiles, membranes for reverse osmosis,
air filters, etc. PA, in its salt form, is also used as a preservative, as an artificial fruit flavor,
and as a key ingredient for vitamin E production. It is also used for fragrances, synthetic
fibers, and environmentally friendly solvents. Global production of propionic acid was
approximately ~450,000 tons per year with a 2.7% growth rate and a price ranging between
2–3 USD/kg. The global PA market size was estimated at USD 1.2 billion in 2020, with a
compound annual growth rate of over 6% in the next six years [95]. Hence, it has become
more important to look for an alternative, especially sustainable sources, for the production
of this compound. Biologically, PA is synthesized via fermentative, biosynthetic, and amino
acid catalytic processes (Table 2). Extensive production of PA has been studied in bacteria
of the Propionibacterium spp. and includes various strains P. acidipropionici, P. freudenreichii,
P. shermanii, P. thoeni, etc., using various substrates such as glucose and lactose [96]. Other
interesting substrates for PA production include crude glycerol and sugarcane molasses.
Propionibacteria, gram-positive facultative anaerobes, use the Wood–Werkman pathway
to produce propionate and are the best biocatalysts for this process at an industrial scale.
Anaerobic conditions are preferred in the industry, but product recovery, cleaning, and
adaptation of reactor design remain major constraints. The benchmark for economically
feasible fermentation (set in 2020) of 0.6 g/g can be overcome with suitable optimization of
pH, nutrients, biomass immobilization, and metabolic engineering [80]. PA was produced
for a long time from lactose-based sources. However, this process was deemed too slow
to be of industrial importance. Recent research demonstrates the possibilities of the pro-
duction of PA from different substrates other than lactose. For example, PA production
was demonstrated from sugar cane molasses and waste in plant fibrous-bed bioreactors
employing Propionibacterium freudenreichii. Fermenting molasses in a stirred fermentation,
PA production of 12.69 g/L was achieved in 120 h, whereas 79.81 g/L was produced from
hydrolyzed molasses in PFB after 302 h [97]. Demonstrating the potential of xylose as a
substrate, PA production was achieved from maize cob molasses with an output of 71.8 g/L,
representing a productivity of 0.28 g/L/h. In another case, glycerol from biodiesel produc-
tion was used as feedstock for genetically engineered strains of Propionibacterium which
improved the yield. In a limiting metabolite condition, a mutant strain of Propionibacterium
acidipropionici synthesized more propionic acid [98]. High carbohydrate content waste, such
as food and kitchen wastes, can be a potential feedstock for PA production. Adopting a
novel strategy, an enhanced PA production was shown from food waste and sludge in a
two-stage fermentation process where, in the first stage, production of lactic acid improved
the PA biosynthesis in the later stage of fermentation [99].

Table 2. Microbial production of propionic acid.

Culture Substrate/Fermentation Conditions Concentration (g/L) References

Propionibacterium
acidipropionici (ATCC 4965)

Lactate, glycerol and sugarcane molasses, 1 L Glass Flask,
Batch Fermenter, pH 6.87 15.1 [100]

Propionibacterium
acidipropionici (CGMCC 1.223) Glycerol, 7 L Fed-Batch Fermenter, pH 7.0 44.6 [101]

Propionibacterium
acidipropionici (CGMCC 1.223) Hemicellulose hydrolysate, 2 L Batch fermenter, pH 6.8 18.0 [102]
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Table 2. Cont.

Culture Substrate/Fermentation Conditions Concentration (g/L) References

Propionibacterium
acidipropionici (ATCC 4875) Cheese whey, 6 L Continuous Fermentation, pH 6.5 19.7 [103]

Propionibacterium freudenreichii
CCTCC M207015

Glucose, 7.5 L Multi-point fibrous-bed (MFB) bioreactor,
pH 6.9 67.1 [104]

Propionibacterium freudenreichii
spp. shermanii Glycerol, 1.2 L Batch Fermenter, pH 7.0 9.0 [105]

Acetobacterium ruminis Corn stover, 3 L sterilized fermenter, Bioaugmentation
with A. ruminis, pH 6.5 30.8 [91]

Propionibacterium zeae (CCT
5329) Sugarcane molasses, Submerged Fermentation, pH 7.0 6.83 [106]

Propionibacterium jensenii Lactate, 1 L Submerged Fermentation, pH 6.83 16.31 [107]

Propionibacterium
acidipropionici Flour hydrolysate, 2.5 L Fed-Batch Fermentation, pH 6.0 30 [108]

5.1.3. Butyric Acid

Butyric acid (BA) is a carboxylic compound with four carbons that is an industrially
useful chemical. With multiple applications, BA is considered a precursor molecule in the
synthesis of biofuels, making it a significant renewable chemical. The market for butyric
acid was valued at USD 124.6 million in 2014 and is said to have an annual compound
growth rate of at least 5% in the next few years. BA is a major biodiesel source and an
excellent choice for animal feedstock. Additionally, it is known to have antipathogenic
and anticancer effects. Not only useful in cellulose-based plastic production, it is also
known for its capability to induce cell differentiation, and is thus significant in anticancer
therapies. BA is used to produce other value-added compounds such as biobutanol, poly-
hydroxybutyrate (PHB), and cellulose acetate butyrate. Much like propionic acid, BA is
mostly obtained by catalytic oxidation of the respective aldehyde. The chemical process
has a low production cost and easily available raw materials, but due to increased market
preference towards organic and environmental products, biobased methods are being de-
veloped. The anaerobic strains of Clostridia are so far the most productive and high-yielding
biocatalysts for butyrate production (Table 3). Industrially, C. butyricum, C. tyrobutyricum
and C. thermobutyricum are the most significant as they are capable of high yields while
withstanding high concentrations of the product. C. butyricum can ferment many carbon
sources including hexoses, pentoses, glycerol, lignocellulose, molasses, potato starch, and
cheese-whey permeate [109]. Much like the other VFA, product recovery is an important
constraint. The pH affects not only the process, but also the final product concentration,
and the presence of hydrogen gas is known to affect the final concentration [80]. Efforts are
being made to reduce the dependence on commercial sugars as substrates and focus on
more carbon-rich and economical alternatives.

The preferred organism employed for the biosynthesis of BA is Clostridium tyrobu-
tyricum through carbohydrate fermentation. Fed-batch fermentation holding immobilized
bacteria was known to show a good yield of 55.2 g/L of BA from pretreated molasses
containing sugars (glucose, fructose, and sucrose). The fermentation yield was 0.46 g/g
and the productivity was 3.22 g/L/h. Typical lignocellulosic sources for the production
of butyrate that have been reported are sugarcane bagasse hydrolysate, wheat straw hy-
drolysate, sweet sorghum stalks and beet molasses, corn fiber, sorghum bagasse, switch
straw, and corn stover. C. tyrobytyricum was used in most of these cases and reported yields
were between 0.2 to 0.52 g/g of feedstock [110–112]. Shahb et al. [113] used microbial
consortia where a fungus is used to break down lignocellulose from beechwood to simple
sugars, which are converted to lactic acid by aerobic bacteria; anaerobic bacteria from the
consortium then converts this into butyrate. They also produced acetic and propionic acid
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as intermediates using an obligate anaerobe Veilonella criceti. In another study, lignocellu-
losic corn husk hydrolysate was used in batch fermenters to produce butyrate with the
biocatalyst C. tyrobutyricum with a lesser yield of 0.39 g/g [114]. Food waste is a popular
and rich source of sustainable biomass and has been used in the production of butyric
acid. Stein et al. [115] used food waste to maximize the production of BA at thermophilic
conditions.

Table 3. Microbial production of butyric acid.

Culture Substrate and Fermentation Conditions Concentration
(g/L) References

Clostridium butyricum S21 Sucrose, 500 mL Pertractive fed-batch fermentation, pH 5.2 20.0 [116]

Clostridium butyricum ZJUCB Glucose, 5 L Fed-batch fermentation, pH 6.5 16.7 [109]

Clostridium thermobutyricum
JW171K Glucose, 500 mL Rotary fermenter, pH 7.1 18.4 [117]

Clostridium tyrobutyricum Sugarcane Bagasse Hydrolysate, 5 L Batch fermentation,
pH 5.0 20.9 [118]

Acetobacterium woodii Corn Stover, 3 L sterilized fermenter
Bioaugmentation with A. woodii, pH 6.5 49.31 [91]

Clostridium tyrobutyricum Cane Molasses, 5 L Fed-batch/Immobilized.
Fibrous bed bioreactor, pH 6.0 55.52 [119]

Clostridium thermobutyricum Corn Stalk, Immobilized continuous reactor, pH 6.0 15.82 [120]

Clostridium tyrobutyricum Jerusalem artichoke, 5 L Fed-batch/Immobilized fibrous-bed
bioreactor, pH 6.0 27.5 [121]

5.2. Medium Chain Fatty Acids

Medium chain fatty acids (MCFAs) are saturated fatty acids with 6–12 carbons. They
are known for their use in biofuel and alkane fuel production as precursors, antimicrobials,
and corrosion inhibitors [122,123]. These are usually found in nature in mammalian milk,
animal and plant oils and petroleum. The market value for MCFAs was 600 million
USD in 2017. As can be expected, the ease of production of MCFAs depends on two
factors: (i) hydrolysis and transport of complex organic substrates into the biocatalyst,
and (ii) diversion of AF towards chain elongation of VFA [124]. The latter involves the
formation of butyric acid and further elongation via the β-oxidation pathway and often,
ethanol and lactic acid serve as good additives to ease production. Ethanol could be added
in its chemical form or in organic form [122,125]. It not only aids chain elongation, but
itself participates in the conversion of VFAs into MCFAs through the process of chain
elongation. One of the most viable sources for MCFA production is reported to be CO2
in the bio-electrochemical scenario, where electro-autotrophic bacteria are used such as
Clostridium ljungdhalii [124].

A suitable way to develop a bioeconomy through the straightforward process that
largely revolves around conventional AF is to choose systems that have been well-studied
and showed stability and yield. Common sources include waste effluents and similar
complex substrates, such as organic municipal waste, food waste, lignocellulosic biomass,
wine and dairy effluents, and manure [126]. Rhodospirillum rubrum and Clostridium kluyveri
are well-established biocatalysts for MCFA production and both pure and mixed cultures
were used for experimentation over the years. Another unique challenge in the production
of MCFAs is the extent of control on terminal product length which could partially be re-
solved by timely product removal from media. Enzyme-specific uses were also found [127].
Caproic (C6), caprylic (C8) and capric acids (C10) are the common MCFAs produced during
AF with an industrial value. The typical production cycle starts from mixed organic feed
subjected to fermentation, specifically acidogenesis, chain elongation, and then product
recovery. Caproic acid has uses as an antimicrobial and plant growth promoter. It is also
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known to have inflammatory properties. It is usually derived from plants directly for
industrial use, but the low yield is a challenge.

MCFA production from waste could potentially replace extraction methods from
coconut or palm. The process is currently not economically friendly, but as research
progresses, it is expected to drop. Possibilities to transform MCFAs into alkanes for use as
a transportation fuel has previously been proven. Other potential applications as feedstock
and nutritional supplements are also being explored [128,129]. MCFAs are naturally more
energy-dense, and hence, have more economic value than methane or VFAs. In addition,
since MCFAs are less water soluble, they demonstrate good separation and significantly
reduce the downstream separation cost [129]. One of the most important applications
of VFAs is that they are used in producing extensive quantities of caproate as the major
product of acidogenesis, with acetate and butyrate as the principal intermediates [130,131].
A recent venture into utilizing this process resulted in a pilot-scale system for economically
viable production of caproate from mixed organic waste and ethanol by the company
ChainCraft B.V. based in Amsterdam [127]. The organic fraction of municipal solid waste
(OFMSW) can be an excellent substrate for caproate production aided by ethanol production
yielding up to 12.6 g/L [132]. An interesting application of membrane electrolysis was
utilized in the fermentation of grass to lactic acid, which in turn was used to produce
caproate, which gave an overall yield of 10.92 ± 0.62 g/L [133].

As a development on the earlier two-phase anaerobic system, without the addition
of electron donors, another group achieved a caproate yield as high as 21.86 ± 0.57 g/L
using leach bed reactors through dilution and recirculation of leachate before every run.
This study also demonstrated that the high yield need not be associated with standard
caproate producers such as C. kluyveri, but is rather a product of mixed consortia which
exhibit extreme similarities with the former [134]. A similar study, but with acidified food
waste as the source, with a higher hydraulic retention time, gave one of the highest yields
of caproate, i.e., 25.7 g/L along with a two-fold decrease in ethanol consumption [135].
Another unique study proposed that lactate could serve as an alternate electron donor for
caproate production, and the microbiome produced a yield as high as 23.42 g/L, almost
83% higher compared to ethanol-based production. Chinese strong-flavor liquor was used
as the source for the process [136].

These studies demonstrate that the knowledge gap for viable caproate production,
reducing the use of environmentally harmful solvents such as ethanol, can be bridged
through the exploration of consortia and known waste sources. The use of lactate along
with common liquor waste and similar wastes shows potential for the design of bioeco-
nomic solutions for this valuable chemical [16,78]. A very recent study proves this very
statement: investigation into the fermentation of Baijiu, a popular fermented product in
China, resulted in the discovery of a novel yeast, Clavispora lusitaniae, which could pro-
duce an extensive yield of 62.0 mg/L of ethyl caproate from sorghum hydrolysate and
sugar medium. This not only improves the quality of Baijiu commercial production, but
also shows the economic value of caproate [137]. Interestingly, since MCFAs are obtained
together, their presence in natural foods can be enhanced by biocatalytic modification.
Sengupta et al. (2015) used mustard oil as a solvent and three immobilized biocatalysts,
Thermomyces lanuginosus, Rhizomucor miehei and Candida antarctica, to improve the concen-
tration of MCFAs in the substrate, paving a potential use of microbial fermentation for
nutraceutical applications [138]. Another leap in the production of MCFAs was in terms of
improving the tolerance of cells to high amounts of MCFAs and this was achieved over
genetic engineering of two main fatty acid synthases of S. cerevisiae, coupled with the
directed evolution of the membrane transporter which resulted up to 1.7± 0.2-fold increase
in MCFA yield [139].
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6. Biorefinery Approach for Biofuels and Renewable Chemicals

The first step in developing a sustainable bioeconomy is to develop a strategy for sub-
stituting traditional feedstocks to produce important chemicals with more environmentally
friendly sources, while trying to combine this with technology that can reduce the nega-
tive impact on the environment [3,140]. Biorefineries enable the creation of an alternative
production chain to produce biofuels and biochemicals utilizing biomass-replacing oils or
petrochemicals [141,142] (Figure 4). A biorefinery is analogous to a petroleum refinery but
serves as a facility to utilize sustainable biomass to produce transportation fuels, power,
and chemicals. Since most biofuel and biochemical production cycles are unintegrated,
we need to explore technologies to weave these into the biorefinery concept and reduce
dependence on feedstock such as commercial sugars, which stand in competition with the
food and feed industry. Biorefinery enables us to identify sources such as lignocellulosic
crops, which are grown specially to function as feedstocks. Carbohydrates and lignin,
triglycerides, and mixed organic residues are the three classes of biomass feedstocks, while
the main products of a biorefinery are broadly categorized into two—material products
and energy products [3,143]. Materials and energy are the output of biorefinery, apart from
multiple other low-value products. A biorefinery must be created in conjunction with the
natural cycles of chemicals and their interdependencies, the system should be periodically
evaluated, and impacts must be calculated using Life Cycle Assessment [23].
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Multiple production strategies have been developed to utilize different sustainable
sources for its production. The implementation of biorefineries to produce acetic acid will
be discussed based on the two categories of feedstocks. The concept of the biorefinery is an
important device in environmental management as it facilitates the conversion of waste ma-
terials, by-products, and other output from linear processes, into value-added bioproducts
such as renewable chemicals and biofuels [144]. Typical organic sources to produce renew-
able chemicals include food wastes, waste-activated sludge (WAS), lignocellulosic biomass,
agricultural wastes, etc. In addition, a range of organic wastes is utilized as a renewable
feedstock to produce renewable platform chemicals including 5-hydroxymethylfurfural
(5-HMF), levulinic acid, sugar alcohols, lactic acid, succinic acid, and phenols. The typical
process includes catalytic conversion of biomass into the respective chemical, and then
a scaling and optimization process where production can be performed at an industrial
scale, either from scratch or from a given platform material. The most effective process for
producing a specific value-added product from biomass should be used in a biorefinery.
As a result, various optimization strategies are usually applied to improve production cost
and product recovery, decreasing any dependence on toxic chemicals and using alternative
materials to increase overall efficiency.

7. Road Map for Waste Derived Bioeconomy Promotion

Natural resource consumption by humankind can be expressed as a quantity called
“Earth’s capacity” which is proportional to the population (P) of its inhabitants, their
average consumption (C), and the amount of this converted into environmental burden
(B), i.e., EC = P × C × B. It is more sustainable to address variables B rather than P and
C, as they are population metrics. To cater to the environmental burden issue, we have
two routes—dematerialization and trans materialization; the former refers to reducing
consumption, while the latter deals with the substitution of traditional raw materials and
energy sources at all levels of input and output [145].

The latter is a more sustainable and practical approach to the world’s energy demand,
which is increasing every day. Conventional, i.e., fossil-based refineries, produce chemi-
cals and energy from crude oil and natural gas. Biorefineries utilize biomass to produce
biobased fuels and platform chemicals. Biorefineries are primarily reliant upon feedstock,
and efforts are underway to integrate a gate-to-gate approach to reduce the environmental
footprint of substances and processes via the biorefinery concept. The advantages of bio-
based energy and chemical generation can be realized when it is deployed on a large scale.
There is a need for intervention on the interdisciplinary level, including estimation of feed-
stock, yield, supply chain, and hence, economic performance, to judge the performance and
sustainability of biorefineries at a large scale. This evaluation is not restricted to the process
or plant parameters, but also includes scaling of the supply chain between the source of
feedstock and biorefinery, distribution of the products to different consumers, and regu-
lation of market prices of raw materials and products (both main and by-products) [146].
Many industrially important platform chemicals, including ethanol, butanol, lactic acid,
succinic acid, and VFAs, are produced at a large scale and commercialized by industries
such as DuPont. Though these could be produced in an isolated biorefinery, it is useful to
explore the integration of these processes into a Phase III biorefinery, to enable a circular
economy [147]. Highlighting the importance of integration as mentioned in the above
review, we focused on the different biofuels and platform chemicals that can be helpful in
setting up a waste-derived bioeconomy. Gaseous and liquid biofuels can be industrially
produced from waste, followed by renewable VFAs and MCFAs from some main building
blocks, such as alcohols, carboxylic and fatty acids, polyhydroxyalkanoates, etc. A major
portion of this waste comes from the forest industry, followed by food waste and other
complex organic residues. A significant challenge in the process is the valorization of ligno-
cellulosic feedstock into these building blocks. Chemical and enzymatic methods along
with some novel pretreatment methods are known to improve yield in these cases, as they
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help in the conversion of these complex chemicals into fermentable sugars [147,148]. After
pretreatment, this can be subjected to fermentation based on the type of desired product.

The bio-based part is an essential module and is crucial for achieving sustainability
in terms of resources and the environment. Known drivers for a biobased economy are
policy framework, systems thinking, industry acceptability, sustainable production, and
consumption, and zero discharge [149]. Materials and processes with a biological origin
that imitate or use natural mechanisms to produce a resource-efficient design are accounted
for by the bioeconomy [149]. Hence, it is predicted that the bio-waste valorization strategy
will be essential in introducing circularity to the bioeconomy. Resource valorization will
also be significantly influenced by the biotechnological valorization of non-bio-derived
materials. Government aid, as well as scientific community initiatives, are required for
improved research and technology endeavors in this field. To supply a context on the
yield, typically 1 kg of food waste has 120–300 kg of COD, which in turn can produce
350 L and 466 L of methane and hydrogen, respectively. The gap between theoretical
and practical yield is to be bridged for large-scale production while ensuring economic
sustainability. Although worldwide efforts have resulted in a change in basic assumptions
from petroleum-based to biobased refineries, there is still a need for the realization of
optimal technological support for commercialization and economic feasibility. Brazilian
companies which adopted biobased processes for ethanol production still face challenges
to reduce costs. So far, biodiesel, bioethanol, and green gasoline have been declared most
compatible with existing supply chains [149].

Artificial intelligence (AI) is also being explored for sustainable control of processes. In
2019, the World Economic Forum awarded Marc Zornes, the founder of Winnow Solutions,
a Tech Disruptor Award for their use of AI to measure food waste in commercial kitchens.
Their technology uses image detection to recognize waste items based on the menu and
puts a monetary and environmental value on waste based on weight detection. This helps
chefs and the management to monitor waste and make decisions to tackle overproduction
or consider reuse. This system is in place in over 40 countries and allegedly saves 3–8% on
food costs in not only Winnow Solutions, but also internationally renowned companies such
as IKEA, Compass Group, and AccorHotels. This is an excellent example of how employing
AI methods helps in quantifying and regulating waste at a practical level. Similar usage
of imaging techniques could also be used in fermentation processes to detect growth
changes by obtaining on-line cell count and cluster via microscopy. CelloScope is one such
novel example of a microscopy device equipped with a software system that uses multiple
algorithms for speedy and smart image detection. These helped in the correlation of cell
size with growth and insulin production detection, and hence, have the scope to improve
the process. Integration of AI helps in better decision-making and process control. Waste-
driven bioeconomy is a potential solution to the global conflict of resource management
and meeting energy demand. However, this involves commercial and political imperatives
which currently aim to reduce structural changes to set up systems, hence, the development
of substances such as ‘drop-in’ fuels which can be readily integrated and used [150,151].
Global organizations must also aim at equalizing the gap between resources and technology
available in different countries.

8. Conclusions

Biorefineries have the potential scope to replace fossil-derived fuels and chemicals,
simultaneously promoting a bioeconomy. This review focused on the roles and applications
of fermentation-based renewable fuels and chemicals derived from organic waste, highlight-
ing their importance in integrating bioprocess development and promoting bioeconomy.
Fermentation technology enables the production of biofuels and biochemicals from organic
waste, while concurrently addressing waste remediation. Acidogenic VFAs are the build-
ing blocks for the chemical industry and appear as one of the important alternatives to
fossil based VFAs. Acidogenic VFAs have attracted attention due to their cost-effective
production, increasing VFAs’ market, sustainability, and environmentally friendly charac-
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teristics. In turn, biogas from AF could be used as a bioenergy source and liquid rich VFAs
integrated into secondary fuels or medium chain fatty acids production to establish the
complete carbon turnover into biobased chemicals/fuels. This technology provides a new
platform to maximize the value of organic-rich waste to value-added products promoting
carbon neutrality, which is much prioritized in maintaining the long-term sustainability
of our society and driving the transition of the chemical and energy industries towards
renewable feedstocks.
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52. Seruga, P.; Krzywonos, M.; den Boer, E.; Niedźwiecki, Ł.; Urbanowska, A.; Pawlak-Kruczek, H. Anaerobic Digestion as a
Component of Circular Bioeconomy—Case Study Approach. Energies 2023, 16, 140. [CrossRef]

53. Matsakas, L.; Sarkar, O.; Jansson, S.; Rova, U.; Christakopoulos, P. A Novel Hybrid Organosolv-Steam Explosion Pretreatment and
Fractionation Method Delivers Solids with Superior Thermophilic Digestibility to Methane. Bioresour. Technol. 2020, 316, 123973.
[CrossRef] [PubMed]

54. Frigon, J.; Guiot, S.R. Biomethane Production from Starch and Lignocellulosic Crops: A Comparative Review. Biofuels Bioprod.
Biorefin. 2010, 4, 447–458. [CrossRef]

55. Daw, J.; Hallett, K.; DeWolfe, J.; Venner, I. Energy Efficiency Strategies for Municipal Wastewater Treatment Facilities; National
Renewable Energy Lab. (NREL): Golden, CO, USA, 2012.

56. Claus, S.; Taube, F.; Wienforth, B.; Svoboda, N.; Sieling, K.; Kage, H.; Senbayram, M.; Dittert, K.; Gericke, D.; Pacholski, A.
Life-Cycle Assessment of Biogas Production under the Environmental Conditions of Northern Germany: Greenhouse Gas Balance.
J. Agric. Sci. 2014, 152, 172–181. [CrossRef]

57. Rathore, D.; Nizami, A.-S.; Singh, A.; Pant, D. Key Issues in Estimating Energy and Greenhouse Gas Savings of Biofuels:
Challenges and Perspectives. Biofuel Res. J. 2016, 3, 380–393. [CrossRef]

58. Johnson, E. New Biofuel Debut: Biopropane. Biofuels Bioprod. Biorefin. 2015, 9, 627–629. [CrossRef]
59. Currie, F.; Twigg, M.S.; Huddleson, N.; Simons, K.E.; Marchant, R.; Banat, I.M. Biogenic Propane Production by a Marine

Photobacterium Strain Isolated from the Western English Channel. Front. Microbiol. 2022, 13, 4084. [CrossRef]
60. Hoeven, R.; Hughes, J.M.X.; Amer, M.; Wojcik, E.Z.; Tait, S.; Faulkner, M.; Yunus, I.S.; Hardman, S.J.O.; Johannissen, L.O.;

Chen, G.-Q. Distributed Biomanufacturing of Liquefied Petroleum Gas. bioRxiv 2019. [CrossRef]
61. Kallio, P.; Pásztor, A.; Thiel, K.; Akhtar, M.K.; Jones, P.R. An Engineered Pathway for the Biosynthesis of Renewable Propane. Nat.

Commun. 2014, 5, 4731. [CrossRef]
62. Razaq, I.; Simons, K.E.; Onwudili, J.A. Parametric Study of Pt/C-Catalysed Hydrothermal Decarboxylation of Butyric Acid as a

Potential Route for Biopropane Production. Energies 2021, 14, 3316. [CrossRef]
63. Hydrocarbons Technology, 2015 Neste’s Bio LPG Facility, Rotterdam. 2015. Available online: https://www.hydrocarbons-

technology.com/projects/nestes-bio-lpg-facility-rotterdam/ (accessed on 3 January 2023).
64. Onwudili, J.A.; Nouwe Edou, D.J. Process Modelling and Economic Evaluation of Biopropane Production from Aqueous Butyric

Acid Feedstock. Renew. Energy 2022, 184, 80–90. [CrossRef]
65. Kis, M.; Smart, J.L.; Maróti, P. Capacity and Kinetics of Light-Induced Cytochrome Oxidation in Intact Cells of Photosynthetic

Bacteria. Sci. Rep. 2022, 12, 14298. [CrossRef]
66. Keskin, T.; Hallenbeck, P.C. Hydrogen Production from Sugar Industry Wastes Using Single-Stage Photofermentation. Bioresour.

Technol. 2012, 112, 131–136. [CrossRef]
67. Hunter, C.N.; Daldal, F.; Thurnauer, M.C.; Beatty, J.T. The Purple Phototrophic Bacteria; Springer: Berlin/Heidelberg, Germany,

2009; Volume 28.
68. Chandra, R.; Venkata Mohan, S. Microalgal community and their growth conditions influence biohydrogen production during

integration of dark-fermentation and photo-fermentation processes. Int. J. Hydrogen Energy 2011, 36, 12211–12219. [CrossRef]
69. Assawamongkholsiri, T.; Reungsang, A.; Plangkang, P.; Sittijunda, S. Repeated Batch Fermentation for Photo-Hydrogen and

Lipid Production from Wastewater of a Sugar Manufacturing Plant. Int. J. Hydrogen Energy 2018, 43, 3605–3617. [CrossRef]
70. Moreira, F.S.; Rodrigues, M.S.; Sousa, L.M.; Batista, F.R.X.; Ferreira, J.S.; Cardoso, V.L. Single-Stage Repeated Batch Cycles

Using Co-Culture of Enterobacter Cloacae and Purple Non-Sulfur Bacteria for Hydrogen Production. Energy 2022, 239, 122465.
[CrossRef]

71. Borowiak, D.; Krzywonos, M. Bioenergy, Biofuels, Lipids and Pigments—Research Trends in the Use of Microalgae Grown in
Photobioreactors. Energies 2022, 15, 5357. [CrossRef]

72. Chen, Y. Global Potential of Algae-Based Photobiological Hydrogen Production. Energy Environ. Sci. 2022, 15, 2843–2857.
[CrossRef]

73. Naschberger, A.; Mosebach, L.; Tobiasson, V.; Kuhlgert, S.; Scholz, M.; Perez-Boerema, A.; Ho, T.T.H.; Vidal-Meireles, A.;
Takahashi, Y.; Hippler, M.; et al. Algal Photosystem I Dimer and High-Resolution Model of PSI-Plastocyanin Complex. Nat.
Plants 2022, 8, 1191–1201. [CrossRef]

74. Oey, M.; Sawyer, A.L.; Ross, I.L.; Hankamer, B. Challenges and Opportunities for Hydrogen Production from Microalgae. Plant
Biotechnol. J. 2016, 14, 1487–1499. [CrossRef]

https://doi.org/10.1016/j.biortech.2020.123604
https://doi.org/10.1039/C9SE00604D
https://doi.org/10.3390/en15155616
https://doi.org/10.3934/energy.2019.1.1
https://doi.org/10.3390/en16010140
https://doi.org/10.1016/j.biortech.2020.123973
https://www.ncbi.nlm.nih.gov/pubmed/32799045
https://doi.org/10.1002/bbb.229
https://doi.org/10.1017/S0021859613000683
https://doi.org/10.18331/BRJ2016.3.2.3
https://doi.org/10.1002/bbb.1615
https://doi.org/10.3389/fmicb.2022.1000247
https://doi.org/10.1101/640474
https://doi.org/10.1038/ncomms5731
https://doi.org/10.3390/en14113316
https://www.hydrocarbons-technology.com/projects/nestes-bio-lpg-facility-rotterdam/
https://www.hydrocarbons-technology.com/projects/nestes-bio-lpg-facility-rotterdam/
https://doi.org/10.1016/j.renene.2021.11.043
https://doi.org/10.1038/s41598-022-18399-y
https://doi.org/10.1016/j.biortech.2012.02.077
https://doi.org/10.1016/j.ijhydene.2011.07.007
https://doi.org/10.1016/j.ijhydene.2017.12.119
https://doi.org/10.1016/j.energy.2021.122465
https://doi.org/10.3390/en15155357
https://doi.org/10.1039/D2EE00342B
https://doi.org/10.1038/s41477-022-01253-4
https://doi.org/10.1111/pbi.12516


Energies 2023, 16, 3873 22 of 24

75. Ban, S.; Lin, W.; Luo, Z.; Luo, J. Improving Hydrogen Production of Chlamydomonas Reinhardtii by Reducing Chlorophyll
Content via Atmospheric and Room Temperature Plasma. Bioresour. Technol. 2019, 275, 425–429. [CrossRef] [PubMed]

76. Fang, M.; Jin, L.; Zhang, C.; Tan, Y.; Jiang, P.; Ge, N.; Li, H.; Xing, X. Rapid Mutation of Spirulina Platensis by a New Mutagenesis
System of Atmospheric and Room Temperature Plasmas (ARTP) and Generation of a Mutant Library with Diverse Phenotypes.
PLoS ONE 2013, 8, e77046. [CrossRef]

77. Ögmundarson, Ó.; Herrgård, M.J.; Forster, J.; Hauschild, M.Z.; Fantke, P.; Haus, S.; Björnsson, L.; Börjesson, P.; Frankó, B.;
Galbe, M.; et al. Hydrogen Production by Clostridium Thermocellum 27405 from Cellulosic Biomass Substrates. Bioresour. Technol.
2021, 34, 125643. [CrossRef]

78. Liu, C.; Yin, Y.; Chen, C.; Zhang, X.; Zhou, J.; Zhang, Q.; Chen, Y. Advances in Electricity-Steering Organic Waste Bio-Valorization
for Medium Chain Carboxylic Acids Production. Energies 2023, 16, 2571. [CrossRef]

79. Gomes, R.J.; de Fatima Borges, M.; de Freitas Rosa, M.; Castro-Gómez, R.J.H.; Spinosa, W.A. Acetic Acid Bacteria in the Food
Industry: Systematics, Characteristics and Applications. Food Technol. Biotechnol. 2018, 56, 139. [CrossRef]

80. Yang, S.; Yu, M.; Chang, W.; Tang, I. Anaerobic Fermentations for the Production of Acetic and Butyric Acids. In Bioprocessing
Technologies in Biorefinery for Sustainable Production of Fuels, Chemicals, and Polymers; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2013; pp. 351–374.

81. Naresh Kumar, A.; Sarkar, O.; Chandrasekhar, K.; Raj, T.; Narisetty, V.; Mohan, S.V.; Pandey, A.; Varjani, S.; Kumar, S.;
Sharma, P.; et al. Upgrading the Value of Anaerobic Fermentation via Renewable Chemicals Production: A Sustainable Integration
for Circular Bioeconomy. Sci. Total Environ. 2022, 806, 150312. [CrossRef]

82. Lopes, M.S.G.; Slovic, A.M.; Gouvea, I.E.; Perez, J.R.; Parizzi, L.P. Modified Microorganisms and Methods of Making Butadiene
Using Same. U.S. Patent No. 10273505, 30 April 2019.

83. Williams, K.; Zheng, Y.; McGarvey, J.; Fan, Z.; Zhang, R. Ethanol and Volatile Fatty Acid Production from Lignocellulose by
Clostridium Cellulolyticum. Int. Sch. Res. Not. 2013, 2013, 137835. [CrossRef]

84. Ehsanipour, M.; Suko, A.V.; Bura, R. Fermentation of Lignocellulosic Sugars to Acetic Acid by Moorella Thermoacetica. J. Ind.
Microbiol. Biotechnol. 2016, 43, 807–816. [CrossRef]

85. Sarchami, T.; Batta, N.; Berruti, F. Production and Separation of Acetic Acid from Pyrolysis Oil of Lignocellulosic Biomass: A
Review. Biofuels Bioprod. Biorefin. 2021, 15, 1912–1937. [CrossRef]

86. Nayak, J.; Pal, P. Transforming Waste Cheese-Whey into Acetic Acid through a Continuous Membrane-Integrated Hybrid Process.
Ind. Eng. Chem. Res. 2013, 52, 2977–2984. [CrossRef]

87. Sim, J.H.; Kamaruddin, A.H. Optimization of Acetic Acid Production from Synthesis Gas by Chemolithotrophic Bacterium–
Clostridium Aceticum Using Statistical Approach. Bioresour. Technol. 2008, 99, 2724–2735. [CrossRef]

88. Ravinder, T.; Ramesh, B.; Seenayya, G.; Reddy, G. Fermentative Production of Acetic Acid from Various Pure and Natural
Cellulosic Materials by Clostridium Lentocellum SG6. World J. Microbiol. Biotechnol. 2000, 16, 507–512. [CrossRef]

89. Wang, Z.; Yan, M.; Chen, X.; Li, D.; Qin, L.; Li, Z.; Yao, J.; Liang, X. Mixed Culture of Saccharomyces Cerevisiae and Acetobacter
Pasteurianus for Acetic Acid Production. Biochem. Eng. J. 2013, 79, 41–45. [CrossRef]

90. Tang, I.-C.; Yang, S.-T.; Okos, M.R. Acetic Acid Production from Whey Lactose by the Co-Culture of Streptococcus Lactis and
Clostridium Formicoaceticum. Appl. Microbiol. Biotechnol. 1988, 28, 138–143. [CrossRef]

91. Murali, N.; Srinivas, K.; Ahring, B.K. Increasing the Production of Volatile Fatty Acids from Corn Stover Using Bioaugmentation
of a Mixed Rumen Culture with Homoacetogenic Bacteria. Microorganisms 2021, 9, 337. [CrossRef]

92. Mostafa, N.A. Production of Acetic Acid and Glycerol from Salted and Dried Whey in a Membrane Cell Recycle Bioreactor.
Energy Convers. Manag. 2001, 42, 1133–1142. [CrossRef]

93. Morinaga, T.; Kawada, N. The Production of Acetic Acid from Carbon Dioxide and Hydrogen by an Anaerobic Bacterium. J.
Biotechnol. 1990, 14, 187–194. [CrossRef]

94. Singh, S.; Gosu, V.; Upadhyaya, S.; Kumar, U.K.A. Process Intensification of Propionic Acid Separation–Effect of Channel
Geometry on Microchannel Distillation. Chem. Eng. Process.-Process Intensif. 2021, 169, 108599. [CrossRef]

95. Mordor Intelligence Reports, 2020 Mordorintelligence. Available online: https://www.mordorintelligence.com/industry-reports/
propionic-acid-market (accessed on 10 February 2023).

96. Bhatia, S.K.; Yang, Y.-H. Microbial Production of Volatile Fatty Acids: Current Status and Future Perspectives. Rev. Environ. Sci.
Bio/Technol. 2017, 16, 327–345. [CrossRef]

97. Feng, X.; Chen, F.; Xu, H.; Wu, B.; Li, H.; Li, S.; Ouyang, P. Green and Economical Production of Propionic Acid by Pro-
pionibacterium Freudenreichii CCTCC M207015 in Plant Fibrous-Bed Bioreactor. Bioresour. Technol. 2011, 102, 6141–6146.
[CrossRef]

98. Guan, N.; Li, J.; Shin, H.; Wu, J.; Du, G.; Shi, Z.; Liu, L.; Chen, J. Comparative Metabolomics Analysis of the Key Metabolic Nodes
in Propionic Acid Synthesis in Propionibacterium Acidipropionici. Metabolomics 2015, 11, 1106–1116. [CrossRef]

99. Ali, R.; Saravia, F.; Hille-Reichel, A.; Gescher, J.; Horn, H. Propionic Acid Production from Food Waste in Batch Reactors: Effect of
PH, Types of Inoculum, and Thermal Pre-Treatment. Bioresour. Technol. 2021, 319, 124166. [CrossRef] [PubMed]

100. Coral, J.; Karp, S.G.; Porto de Souza Vandenberghe, L.; Parada, J.L.; Pandey, A.; Soccol, C.R. Batch Fermentation Model of
Propionic Acid Production by Propionibacterium Acidipropionici in Different Carbon Sources. Appl. Biochem. Biotechnol. 2008,
151, 333–341. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biortech.2018.12.062
https://www.ncbi.nlm.nih.gov/pubmed/30594343
https://doi.org/10.1371/journal.pone.0077046
https://doi.org/10.1016/j.biotechadv.2019.04.006
https://doi.org/10.3390/en16062571
https://doi.org/10.17113/ftb.56.02.18.5593
https://doi.org/10.1016/j.scitotenv.2021.150312
https://doi.org/10.5402/2013/137835
https://doi.org/10.1007/s10295-016-1756-4
https://doi.org/10.1002/bbb.2273
https://doi.org/10.1021/ie3033729
https://doi.org/10.1016/j.biortech.2007.07.004
https://doi.org/10.1023/A:1008966205306
https://doi.org/10.1016/j.bej.2013.06.019
https://doi.org/10.1007/BF00694301
https://doi.org/10.3390/microorganisms9020337
https://doi.org/10.1016/S0196-8904(00)00121-7
https://doi.org/10.1016/0168-1656(90)90007-X
https://doi.org/10.1016/j.cep.2021.108599
https://www.mordorintelligence.com/industry-reports/propionic-acid-market
https://www.mordorintelligence.com/industry-reports/propionic-acid-market
https://doi.org/10.1007/s11157-017-9431-4
https://doi.org/10.1016/j.biortech.2011.02.087
https://doi.org/10.1007/s11306-014-0766-3
https://doi.org/10.1016/j.biortech.2020.124166
https://www.ncbi.nlm.nih.gov/pubmed/32992271
https://doi.org/10.1007/s12010-008-8196-1
https://www.ncbi.nlm.nih.gov/pubmed/18386184


Energies 2023, 16, 3873 23 of 24

101. Zhu, Y.; Li, J.; Tan, M.; Liu, L.; Jiang, L.; Sun, J.; Lee, P.; Du, G.; Chen, J. Optimization and Scale-up of Propionic Acid Production
by Propionic Acid-Tolerant Propionibacterium Acidipropionici with Glycerol as the Carbon Source. Bioresour. Technol. 2010, 101,
8902–8906. [CrossRef] [PubMed]

102. Ramsay, J.A.; Hassan, M.-C.A.; Ramsay, B.A. Biological Conversion of Hemicellulose to Propionic Acid. Enzym. Microb. Technol.
1998, 22, 292–295. [CrossRef]

103. Gupta, A.; Srivastava, A.K. Continuous Propionic Acid Production from Cheese Whey Using In Situ Spin Filter. Biotechnol.
Bioprocess Eng. BBE 2001, 6, 1–5. [CrossRef]

104. Feng, X.-H.; Chen, F.; Xu, H.; Wu, B.; Yao, J.; Ying, H.-J.; Ouyang, P.-K. Propionic Acid Fermentation by Propionibacterium
Freudenreichii CCTCC M207015 in a Multi-Point Fibrous-Bed Bioreactor. Bioprocess Biosyst. Eng. 2010, 33, 1077–1085. [CrossRef]

105. Himmi, E.H.; Bories, A.; Boussaid, A.; Hassani, L. Propionic Acid Fermentation of Glycerol and Glucose by Propionibacterium
Acidipropionici and Propionibacterium Freudenreichii Ssp. Shermanii. Appl. Microbiol. Biotechnol. 2000, 53, 435–440. [CrossRef]

106. Coral, J. Propionic Acid Production by Propionibacterium Sp. Using Low-Cost Carbon Sources in Submerged Fermentation; Biotechnology
and Bioprocesses Engineering Division Federal University of Parana: Curitiba, Brazil, 2008.

107. Sabra, W.; Dietz, D.; Zeng, A.-P. Substrate-Limited Co-Culture for Efficient Production of Propionic Acid from Flour Hydrolysate.
Appl. Microbiol. Biotechnol. 2013, 97, 5771–5777. [CrossRef]

108. Zhang, A.; Yang, S.-T. Propionic Acid Production from Glycerol by Metabolically Engineered Propionibacterium Acidipropionici.
Process Biochem. 2009, 44, 1346–1351. [CrossRef]

109. He, G.; Kong, Q.; Chen, Q.; Ruan, H. Batch and Fed-Batch Production of Butyric Acid by Clostridium Butyricum ZJUCB.
J. Zhejiang Univ. Sci. B 2005, 6, 1076. [CrossRef]

110. Zhu, Y.; Wu, Z.; Yang, S.-T. Butyric Acid Production from Acid Hydrolysate of Corn Fibre by Clostridium Tyrobutyricum in a
Fibrous-Bed Bioreactor. Process Biochem. 2002, 38, 657–666. [CrossRef]

111. Lee, K.M.; Min, K.; Choi, O.; Kim, K.-Y.; Woo, H.M.; Kim, Y.; Han, S.O.; Um, Y. Electrochemical Detoxification of Phenolic
Compounds in Lignocellulosic Hydrolysate for Clostridium Fermentation. Bioresour. Technol. 2015, 187, 228–234. [CrossRef]

112. Wang, L.; Ou, M.S.; Nieves, I.; Erickson, J.E.; Vermerris, W.; Ingram, L.O.; Shanmugam, K.T. Fermentation of Sweet Sorghum
Derived Sugars to Butyric Acid at High Titer and Productivity by a Moderate Thermophile Clostridium Thermobutyricum at
50 ◦C. Bioresour. Technol. 2015, 198, 533–539. [CrossRef]

113. Shahab, R.L.; Brethauer, S.; Davey, M.P.; Smith, A.G.; Vignolini, S.; Luterbacher, J.S.; Studer, M.H. A Heterogeneous Microbial
Consortium Producing Short-Chain Fatty Acids from Lignocellulose. Science 2020, 369, eabb1214. [CrossRef]

114. Xiao, Z.; Cheng, C.; Bao, T.; Liu, L.; Wang, B.; Tao, W.; Pei, X.; Yang, S.-T.; Wang, M. Production of Butyric Acid from Acid
Hydrolysate of Corn Husk in Fermentation by Clostridium Tyrobutyricum: Kinetics and Process Economic Analysis. Biotechnol.
Biofuels 2018, 11, 164. [CrossRef]

115. Stein, U.H.; Wimmer, B.; Ortner, M.; Fuchs, W.; Bochmann, G. Maximizing the Production of Butyric Acid from Food Waste as a
Precursor for ABE-Fermentation. Sci. Total Environ. 2017, 598, 993–1000. [CrossRef]

116. Zigová, J.; Šturdík, E.; Vandák, D.; Schlosser, Š. Butyric Acid Production by Clostridium Butyricum with Integrated Extraction
and Pertraction. Process Biochem. 1999, 34, 835–843. [CrossRef]

117. Canganella, F.; Wiegel, J. Continuous Cultivation of Clostridium Thermobutyricum in a Rotary Fermentor System. J. Ind. Microbiol.
Biotechnol. 2000, 24, 7–13. [CrossRef]

118. Wei, D.; Liu, X.; Yang, S.-T. Butyric Acid Production from Sugarcane Bagasse Hydrolysate by Clostridium Tyrobutyricum
Immobilized in a Fibrous-Bed Bioreactor. Bioresour. Technol. 2013, 129, 553–560. [CrossRef]

119. Jiang, L.; Wang, J.; Liang, S.; Wang, X.; Cen, P.; Xu, Z. Butyric Acid Fermentation in a Fibrous Bed Bioreactor with Immobilized
Clostridium Tyrobutyricum from Cane Molasses. Bioresour. Technol. 2009, 100, 3403–3409. [CrossRef] [PubMed]

120. Li, W.; Han, H.-J.; Zhang, C.H. Continuous Butyric Acid Production by Corn Stalk Immobilized Clostridium Thermobutyricum
Cells. Afr. J. Microbiol. Res. 2011, 5, 661–666.

121. Huang, J.; Cai, J.; Wang, J.; Zhu, X.; Huang, L.; Yang, S.-T.; Xu, Z. Efficient Production of Butyric Acid from Jerusalem Artichoke
by Immobilized Clostridium Tyrobutyricum in a Fibrous-Bed Bioreactor. Bioresour. Technol. 2011, 102, 3923–3926. [CrossRef]
[PubMed]

122. Sarkar, O.; Rova, U.; Christakopoulos, P.; Matsakas, L. Ethanol Addition Promotes Elongation of Short-Chain Fatty Acids to
Medium-Chain Fatty Acids Using Brewery Spent Grains as Substrate. J. Environ. Chem. Eng. 2021, 9, 105990. [CrossRef]

123. Reddy, M.V.; Mohan, S.V.; Chang, Y.C. Sustainable Production of Medium Chain Fatty Acids (MCFA) with an Enriched Mixed
Bacterial Culture: Microbial Characterization Using Molecular Methods. Sustain. Energy Fuels 2018, 2, 372–380. [CrossRef]

124. Menon, A.; Lyng, J.G. Circular Bioeconomy Solutions: Driving Anaerobic Digestion of Waste Streams towards Production of
High Value Medium Chain Fatty Acids. Rev. Environ. Sci. Bio/Technol. 2021, 20, 189–208. [CrossRef]

125. Kallscheuer, N.; Polen, T.; Bott, M.; Marienhagen, J. Reversal of β-Oxidative Pathways for the Microbial Production of Chemicals
and Polymer Building Blocks. Metab. Eng. 2017, 42, 33–42. [CrossRef]

126. Chen, W.-S.; Strik, D.P.; Buisman, C.J.N.; Kroeze, C. Production of Caproic Acid from Mixed Organic Waste: An Environmental
Life Cycle Perspective. Environ. Sci. Technol. 2017, 51, 7159–7168. [CrossRef]

127. Candry, P.; Van Daele, T.; Denis, K.; Amerlinck, Y.; Andersen, S.J.; Ganigué, R.; Arends, J.B.A.; Nopens, I.; Rabaey, K.;
Chen, W.-S.; et al. A Novel High-Throughput Method for Kinetic Characterisation of Anaerobic Bioproduction Strains, Ap-
plied to Clostridium Kluyveri. Sci. Rep. 2018, 8, 9724. [CrossRef]

https://doi.org/10.1016/j.biortech.2010.06.070
https://www.ncbi.nlm.nih.gov/pubmed/20620054
https://doi.org/10.1016/S0141-0229(97)00196-8
https://doi.org/10.1007/BF02942242
https://doi.org/10.1007/s00449-010-0433-7
https://doi.org/10.1007/s002530051638
https://doi.org/10.1007/s00253-013-4913-y
https://doi.org/10.1016/j.procbio.2009.07.013
https://doi.org/10.1631/jzus.2005.B1076
https://doi.org/10.1016/S0032-9592(02)00162-0
https://doi.org/10.1016/j.biortech.2015.03.129
https://doi.org/10.1016/j.biortech.2015.09.062
https://doi.org/10.1126/science.abb1214
https://doi.org/10.1186/s13068-018-1165-1
https://doi.org/10.1016/j.scitotenv.2017.04.139
https://doi.org/10.1016/S0032-9592(99)00007-2
https://doi.org/10.1038/sj.jim.2900752
https://doi.org/10.1016/j.biortech.2012.11.065
https://doi.org/10.1016/j.biortech.2009.02.032
https://www.ncbi.nlm.nih.gov/pubmed/19297150
https://doi.org/10.1016/j.biortech.2010.11.112
https://www.ncbi.nlm.nih.gov/pubmed/21169015
https://doi.org/10.1016/j.jece.2021.105990
https://doi.org/10.1039/C7SE00467B
https://doi.org/10.1007/s11157-020-09559-5
https://doi.org/10.1016/j.ymben.2017.05.004
https://doi.org/10.1021/acs.est.6b06220
https://doi.org/10.1038/s41598-018-27594-9


Energies 2023, 16, 3873 24 of 24

128. Stamatopoulou, P.; Malkowski, J.; Conrado, L.; Brown, K.; Scarborough, M. Fermentation of Organic Residues to Beneficial
Chemicals: A Review of Medium-Chain Fatty Acid Production. Processes 2020, 8, 1571. [CrossRef]

129. Wu, S.-L.; Luo, G.; Sun, J.; Wei, W.; Song, L.; Ni, B.-J. Medium Chain Fatty Acids Production from Anaerobic Fermentation of
Waste Activated Sludge. J. Clean. Prod. 2021, 279, 123482. [CrossRef]

130. Bao, S.; Wang, Q.; Zhang, P.; Zhang, Q.; Wu, Y.; Li, F.; Tao, X.; Wang, S.; Nabi, M.; Zhou, Y. Effect of Acid/Ethanol Ratio on
Medium Chain Carboxylate Production with Different VFAs as the Electron Acceptor: Insight into Carbon Balance and Microbial
Community. Energies 2019, 12, 3720. [CrossRef]

131. Reddy, M.V.; Chang, Y.-C. Production of Biofuel Precursor Molecules (Monocarboxylic Acids, Biohydrogen) from Apple and
Pumpkin Waste through an Anaerobic Fermentation Process. Sustain. Energy Fuels 2021, 5, 4133–4140. [CrossRef]

132. Grootscholten, T.I.M.; Strik, D.P.B.T.B.; Steinbusch, K.J.J.; Buisman, C.J.N.; Hamelers, H.V.M. Two-Stage Medium Chain Fatty
Acid (MCFA) Production from Municipal Solid Waste and Ethanol. Appl. Energy 2014, 116, 223–229. [CrossRef]

133. Khor, W.C.; Andersen, S.; Vervaeren, H.; Rabaey, K. Electricity-Assisted Production of Caproic Acid from Grass. Biotechnol.
Biofuels 2017, 10, 180. [CrossRef]

134. Nzeteu, C.O.; Trego, A.C.; Abram, F.; O’Flaherty, V. Reproducible, High-Yielding, Biological Caproate Production from Food
Waste Using a Single-Phase Anaerobic Reactor System. Biotechnol. Biofuels 2018, 11, 108. [CrossRef]

135. Roghair, M.; Liu, Y.; Strik, D.P.; Weusthuis, R.A.; Bruins, M.E.; Buisman, C.J.N. Development of an Effective Chain Elongation
Process from Acidified Food Waste and Ethanol into N-Caproate. Front. Bioeng. Biotechnol. 2018, 6, 50. [CrossRef]

136. Zhu, X.; Tao, Y.; Liang, C.; Li, X.; Wei, N.; Zhang, W.; Zhou, Y.; Yang, Y.; Bo, T. The Synthesis of N-Caproate from Lactate: A New
Efficient Process for Medium-Chain Carboxylates Production. Sci. Rep. 2015, 5, 14360. [CrossRef]

137. Fan, G.; Liu, P.; Chang, X.; Yin, H.; Cheng, L.; Teng, C.; Gong, Y.; Li, X. Isolation and Identification of a High-Yield Ethyl
Caproate-Producing Yeast from Daqu and Optimization of Its Fermentation. Front. Microbiol. 2021, 12, 663744. [CrossRef]

138. Sengupta, A.; Roy, S.; Mukherjee, S.; Ghosh, M. Production of Medium Chain Fatty Acid Rich Mustard Oil Using Packed Bed
Bioreactor. J. Oleo Sci. 2015, 64, 153–159. [CrossRef]

139. Zhu, Z.; Hu, Y.; Teixeira, P.G.; Pereira, R.; Chen, Y.; Siewers, V.; Nielsen, J. Multidimensional Engineering of Saccharomyces
Cerevisiae for Efficient Synthesis of Medium-Chain Fatty Acids. Nat. Catal. 2020, 3, 64–74. [CrossRef]

140. Narisetty, V.; Adlakha, N.; Kumar Singh, N.; Dalei, S.K.; Prabhu, A.A.; Nagarajan, S.; Naresh Kumar, A.; Amruthraj Nagoth, J.;
Kumar, G.; Singh, V.; et al. Integrated Biorefineries for Repurposing of Food Wastes into Value-Added Products. Bioresour. Technol.
2022, 363, 127856. [CrossRef] [PubMed]

141. Venkata Mohan, S.; Amulya, K.; Annie Modestra, J.; Sarkar, O.; Nareshkumar, A.; Rohit, M.V.; Nagendranatha Reddy, C. Bioenergy
from Waste Remediation: Recent Advances towards Environmental Biorefinery. JUET Res. J. Sci. Technol. 2014, 1, 73–84.

142. Giuliano, A. The Transition of Scientific Research from Biomass-to-Energy/Biofuels to Biomass-to-Biochemicals in a Biorefinery
Systems Framework. Energies 2023, 16, 2261. [CrossRef]

143. Soleymani Angili, T.; Grzesik, K.; Salimi, E.; Loizidou, M. Life Cycle Analysis of Food Waste Valorization in Laboratory-Scale.
Energies 2022, 15, 7000. [CrossRef]

144. Clark, J.; Deswarte, F. The Biorefinery Concept. In Introduction to Chemicals from Biomass; John Wiley & Sons, Ltd.: Hoboken, NJ,
USA, 2015; pp. 1–29. ISBN 9781118714478.

145. Zetterholm, J.; Bryngemark, E.; Ahlström, J.; Söderholm, P.; Harvey, S.; Wetterlund, E. Economic Evaluation of Large-Scale
Biorefinery Deployment: A Framework Integrating Dynamic Biomass Market and Techno-Economic Models. Sustainability 2020,
12, 7126. [CrossRef]

146. Takkellapati, S.; Li, T.; Gonzalez, M.A. An Overview of Biorefinery-Derived Platform Chemicals from a Cellulose and Hemicellu-
lose Biorefinery. Clean Technol. Environ. policy 2018, 20, 1615–1630. [CrossRef]

147. Isah, S.; Ozbay, G. Valorization of Food Loss and Wastes: Feedstocks for Biofuels and Valuable Chemicals. Front. Sustain. Food
Syst. 2020, 4, 82. [CrossRef]

148. Chandel, A.K.; Forte, M.B.S.; Gonçalves, I.S.; Milessi, T.S.; Arruda, P.V.; Carvalho, W.; Mussatto, S.I. Brazilian Biorefineries from
Second Generation Biomass: Critical Insights from Industry and Future Perspectives. Biofuels Bioprod. Biorefin. 2021, 15, 1190–1208.
[CrossRef]
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