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Abstract: The looming climate and energy crises, exacerbated by increased waste generation, are
driving research and development of sustainable resource management systems. Research suggests
that organic materials, such as food waste, grass, and manure, have potential for biotransformation
into a range of products, including: high-value volatile fatty acids (VFAs); various carboxylic acids;
bioenergy; and bioplastics. Valorizing these organic residues would additionally reduce the increas-
ing burden on waste management systems. Here, we review the valorization potential of various
sustainably sourced feedstocks, particularly food wastes and agricultural and animal residues. Such
feedstocks are often micro-organism-rich and well-suited to mixed culture fermentations. Addition-
ally, we touch on the technologies, mainly biological systems including anaerobic digestion, that are
being developed for this purpose. In particular, we provide a synthesis of VFA recovery techniques,
which remain a significant technological barrier. Furthermore, we highlight a range of challenges
and opportunities which will continue to drive research and discovery within the field. Analysis
of the literature reveals growing interest in the development of a circular bioeconomy, built upon a
biorefinery framework, which utilizes biogenic VFAs for chemical, material, and energy applications.

Keywords: anaerobic digestion; biorefinery; fermentation; VFAs; biomass valorization

1. Introduction

As both climate change and the global energy crisis escalate, it becomes ever more
critical to implement sustainable resource management strategies such as biorefineries and
resource recovery systems. These systems typically utilize innovative resource recovery
technologies and novel renewable materials. The valorization of biomass can play a
foundational role within these systems, supporting the generation of energy (biofuel) as
well as a wide range of bio-based products through the biorefinery concept [1–4]. Biomass
can be broadly classified as either an energy crop or residue. Energy crops are specifically
cultivated for energy generation. These crops are typically cultivated using intensive
farming practices, and since they are often edible, using them for energy generation results
in less food and less food-crop land. In contrast, biomass residues are non-edible and are
generally composed of waste products or agro-industrial side streams.

Among biomass residues, food waste and agricultural waste have demonstrated their
promising potential for biorefinery applications [2,3,5–7]. In Europe, these biomasses are
valorized using biological, chemical, and thermochemical methods. However, variability in
the quantity and composition of biomass limits the technological and economic viability of
these valorization methods. Therefore, these highly variable biomass resources are better
suited for processes such as anaerobic digestion (AD), which is able to convert a wide
range of organics into products such as volatile fatty acids (VFAs), biohydrogen, polyhy-
droxyalkanoates (PHAs), and bioenergy. AD can serve as a sustainable and economically
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attractive biological pretreatment for lignocellulosic biomass, facilitating its conversion into
bio-based products by exposing lignin and undigested fibers for further valorization.

The ultimate purpose of an AD-based biorefinery system is to optimize resource-
use efficiency while minimizing waste; this is typically accomplished by maximizing
energy/biogas production. The generation of alternative valuable by-products, in addition
to biogas, represents a new opportunity to enhance resource recovery (Figure 1). An im-
portant value-added by-product, VFAs, are produced during the initial phases of AD in a
process known as acidogenic fermentation. VFAs have a wide range of potential applica-
tions in the biorefinery industry where they can be used as feedstock for various bio-based
products. For instance, VFAs are considered a potential platform for the production of
biodegradable PHA polymers [8]. Currently, synthetically produced VFAs are used in the
food and beverage industries, as well as in pharmaceutical and synthetic chemistry. The
ratios of the specific volatile fatty acids that are produced via acidogenic fermentation are
dependent on the feedstock biomass’ composition, the extent of hydrolysis, operational
conditions, reactor design, and the structure of the microbial community. Research investi-
gating these parameters is being carried out and promises to greatly improve the efficiency
and stability of the acid-forming stage.
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This review elucidates the potential for low-value biomass to be used as feedstock for
VFA generation within a biorefinery model. Specifically, we discuss various techniques and
system designs which optimize energy use and product yield. Finally, we discuss current
trends and challenges for a biorefinery concept, and the outstanding research necessary to
support a functioning bioeconomy.

2. Methods of Valorizing Low-Value Feedstocks

Biomass valorization has gained popularity and traction in recent years given its
potential to sustainably meet regulatory requirements in terms of energy, chemicals, and
materials. Research suggests that within the biorefinery concept, biomass valorization—
where all fractions are processed selectively towards a variety of products—is generally
achieved using two strategies: thermochemical and/or biological conversion [9]. While
this review focuses on biological processes, we will also briefly mention trends in thermo-
chemical techniques.

2.1. Thermochemical Approach

Among the thermochemical conversion processes, gasification and pyrolysis are com-
monly used to produce heat, biochar, and syngas from lignocellulosic biomass. Conven-
tional gasification technologies include fixed beds, fluidized beds, and entrained flow
reactors [10]. However, these technologies still struggle with process inefficiencies re-
lated to biomass moisture content and tar production. Recently, efforts have been made
to mitigate these factors—using technologies such as pyrolysis and supercritical water
gasification [11–16]. Unlike gasification, pyrolysis is a technology that converts biomass
into bio-oil, syngas, and biochar in the absence of oxygen [17]. Pyrolysis can be used to
valorize different types of recalcitrant biomass, such as agricultural residues and wood
wastes. The resulting syngas can then be converted by anaerobic bacteria into biochemicals
and biofuels independent of the original biomass composition; a process known as hybrid
thermochemical-biochemical [18]. However, the high cost and safety risk of the pyrolysis
process make it unviable for large scale applications [17].

Recently, supercritical water gasification has been considered as a potential technique
to valorize lignocellulosic biomass and wastes with high moisture content—up to 80%
wet weight [16]. Supercritical water gasification is being studied especially for hydrogen
production, as the composition of the resulting synthesis gas is higher in hydrogen and
lower in carbon monoxide [19]; in addition, the low production of tar and char is an
advantage compared to other technologies [20]. However, supercritical water gasification is
a technology still unfeasible for large scale applications in biorefineries—its implementation
requires improvements in terms of pump energy efficiency [16], and reactor designs which
can withstand corrosion [16] and high pressure [21].

2.2. Biological Approach

Biological conversion processes encompass both AD and fermentation and are com-
monly used to valorize biomass such as food waste, agricultural residues, organic fraction
of the municipal solid waste (OFMSW), and energy crops. Unlike the thermochemical
conversion method where the primary product is biofuel, the biological conversion of
biomass can produce biofuel and chemicals. Due to the high moisture content of most
biomass, direct valorization using thermochemical technologies is challenging. Therefore,
biological conversion technologies are reported to be more eco-friendly and appropriate
for waste biomass with high moisture content [22].

AD is a well-established process for the sustainable management of solid organic
feedstock [22]. AD can be used to convert various organic substrates into methane-rich
gas destined for energy generation. In this context, organic residues are conveniently
used to meet global energy demand while reducing the burden of fuel consumption and
waste disposal. In Europe, the success of AD is witnessed by its dynamic ascent with
a total of 18,202 biogas installations, producing 11,082 MW, and 63,511 GWh worth of
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biogas as recorded in 2018 [23,24]. Despite this continued growth, AD technology is still
not cost-competitive with natural gas without fiscal incentives. This is due to high costs
associated with biogas production, whereas natural gas is available at lower cost worldwide.
Therefore, increasing the efficiency of AD processes is critical to improving its economic
attractiveness. To this end, feedstock pre-treatment, reactor configuration, and feedstock
co-digestion have been studied as potential means of improving resource recovery [25,26].

2.3. Valorization—Selecting a Method

The selection of a particular valorization method is highly dependent on the biomass
characteristics and composition. For instance, biological approaches are suitable for readily
degradable, high-moisture-content biomass such as food waste. Thermochemical methods
are more commonly used for recalcitrant feedstocks such as lignocellulosic biomass. While
both treatment options entail installation and operation costs, research and application
suggest that the biological approach may be more flexible in terms of feedstock and
products. Moreover, AD and fermentative processes result in fewer undesirable effects
such as tar production.

3. Sustainable Feedstock Types
3.1. Food Waste

Food waste makes up a significant portion of anthropogenically derived organic waste
and constitutes an environmental burden where landfill disposal is employed. One third of
all food produced in the world for human consumption goes to waste [27], with 14% of
food waste occurring during production processes alone [28]. While post-consumer waste
can be minimized through prevention campaigns, production wastage (peelings, damaged
or diseased matter, inedible plant parts) is likely to remain at similar or increasing values.
Generally, food waste is composed of fruits, vegetables, and tubers [28]. These materials
all have relatively high moisture and energy contents and, therefore, qualify as high value
feedstock for AD [29]. Through AD, this waste stream can be converted into a renewable
resource while simultaneously reducing waste-related challenges in the long term [30].

Food waste composition varies greatly but is fundamentally a mix of carbohydrates,
proteins, and lipids. The ratio of these three biomolecules largely determines the material’s
energy generation potential. Lipids have higher energy content than carbohydrates and
proteins; however, they have been reported to be difficult to breakdown in AD bioreactors,
even destabilizing digesters at high concentrations [31–33]. Most food waste is primar-
ily composed of complex carbohydrates, including lignocellulosic and/or hemicellulosic
compounds (25–30% of total solids (TS)) [34,35]. These carbohydrates originate from plant
matter and are challenging to hydrolyze. Indeed, hydrolysis is frequently reported as the
rate limiting step in AD [36]. Efforts to facilitate hydrolysis have been made, primarily
the investigation of various pre-treatment methods including alkaline [25,37], thermal [38],
acid [25] and enzymatic pre-treatments [39]. However, these treatments all increase op-
erational costs. Whereas biological strategies, such as tailoring operational conditions to
promote the growth and persistence of key microbial hydrolysers within AD bioreactors,
represent a promising alternative [35].

3.2. Agricultural Residues

Agricultural residual biomasses comprise crop and plant residues, vegetable waste,
forest residues, grass, and livestock manure [40]. These are largely composed of lignocellu-
lose which can be converted via AD and fermentation to bioenergy and biochemicals. The
efficiency of these conversions is determined by specific lignocellulosic characteristics such
as lignin content, degree of polymerization, hemicellulose structure, cellulose crystallinity,
porosity, and specific area [41,42].

Many studies in the literature review the use of pre-treatments that would decrease the
recalcitrance of this biomass by improving the accessibility of cellulose to cellulases. This is
achieved either by decreasing the hemicellulose content (e.g., dilute acids and bases) or
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by applying physical treatment (e.g., high temperature and pressure) to disrupt the lignin
matrix [40,42]. Of course, all pre-treatment processes entail a trade-off between the cost
of pre-treatment and the desired end-product yield increase [43]. While ionic liquids and
deep-eutectic solvents have been recently investigated, full-scale biorefineries generally
employ steam explosion, organosolv, or dilute acids [43,44]. The use of these pretreatment
technologies may negatively impact the indigenous microbiome of the feedstock, which
can be critical to the fermentative process.

The use of lignocellulosic waste as feedstock for biogas production through AD is
well established. However, the potential of lignocellulosic waste for VFA production
has been garnering increased attention [45]. In a biorefinery context, carboxylic acids
are a desirable product with high market value [46–49]. Among lignocellulosic wastes,
grass is an abundant, renewable, and cheap feedstock that has been largely employed
to produce biogas in AD [50]. Relatedly, silage is grass which has been fermented to
facilitate preservation during storage. During fermentation, lactic acid bacteria use soluble
carbohydrates present on the surface of grass in the production of lactic acid, causing a
decrease in pH, which allows the feedstock to be preserved for animal feed without risk
of spoilage [51].

While grass is considered a sustainable feedstock due to its carbon-sequestering
capacity, co-digestion with other agricultural residues, such as cattle slurry, may further
enhance the sustainability of the process [50,52]. Cattle slurry is an abundant agricultural
waste and is cheaper and richer in nutrients than grassland feedstocks. Furthermore, by
co-digesting this waste stream with grass, greenhouse gas (GHG) emissions from slurry are
reduced [50]. The co-digestion of different grassland forages with grass could also improve
AD yields due to an improvement in nutrient availability for the microbial community [53].
Moreover, the combined growth of multi-species grassland mixtures (herbs, legumes, and
grass) in intensively managed grassland may enhance yield while mitigating disturbances,
such as drought and environmental impact, when compared to monocultures [52].

3.3. Animal Residues

Animal manure is a primary contributor to environmental pollution in rural areas. This
is usually due to emissions from land-spreading and manure storage facilities, which release
harmful substances to the soil, water, and atmosphere. Animal manure/slurry has high
concentrations of nutrients (such as nitrogen and phosphorus) and metals (such as copper,
zinc, arsenic, and cadmium). Leaching of these metals into the surrounding environment
increases phytotoxicity, reduces soil fertility and productivity, and increases toxicity of
crops and food products grown on the contaminated soil [54]. Meanwhile, leaching of
nutrients contributes to water quality degradation and eutrophication. Moreover, the
storage and land-spreading of animal manure/slurry can release GHG, such as methane,
nitrous oxide, and ammonia, into the air contributing to climate change [55,56].

To mitigate the environmental burden of the manure/slurry, researchers have engaged
in developing techniques for its sustainable treatment. Although composting, incineration,
pyrolysis, and gasification have been evaluated, AD is outstanding in its capacity to
reduce pollution while generating valuable by-products such as fertilizers and renewable
energy [54]. However, there are some factors at play which limit the use of slurry/manure
fed AD: (i) slurry bio-methane potential is low due to high moisture and low organic
content [55]; (ii) a large volume of feedstock, usually collected from multiple sites, is
required for efficiencies of scale [54]; and (iii) slurry has a low C:N ratio, which tends to
inhibit methane production.

These issues can be mitigated or avoided entirely by employing co-digestion, specifi-
cally, by making a mixed feedstock composed of slurry with other organic wastes/residues/
energy crops that have a high C:N ratio. Several researchers have reported that co-digestions
improved biogas production [57–59] or VFA production [60,61]. Although the co-digestion
of manure/slurry with other feedstock provides a means to increase economic feasibility,
the nutrient and metal-rich liquid digestate remains an issue in an AD-based facility. There-
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fore, complete valorization of the manure/slurry within an AD-based biorefinery concept
could result in a more desirable digestate product.

4. State-of-the-Art System Designs
4.1. Single-Stage System Design and Application

Anaerobic bioreactors may be designed to optimize the processing of a selected
biomass and for the production of a specific desired product. Many bioreactor types
have the capacity to produce VFAs, hydrogen associated with VFA as a by-product, or
biogas. Several reactors, including the continuous stirred tank reactor (CSTR), the packed
bed biofilm column reactor, leach bed reactor (LBR), two-stage anaerobic bioreactor, and
continuous flow fermentation reactors, have been used to produce VFAs (Table 1). Studies
using solid feedstocks generally use CSTRs or LBRs and have generated promising results.
The CSTR is perhaps the most widely used single-stage wet AD design [62]. CSTRs are
suitable for materials with solids content up to 10% [63] and work by thoroughly mixing
feedstock and microbes in the presence of suspended solids [64]. Previous studies have
reported successful production of VFAs from food waste and OFMSW using the CSTR
configuration (Table 1). However, this reactor design has significant inherent inefficiencies,
including (i) a tendency for biomass washout, (ii) the need for size reduction of the sub-
strates, (iii) energy input required for continuous stirring, and (iv) the low solids content
(<10%) requirement [65,66]. In an attempt to overcome these limitations, a novel CSTR
design consisting of a solid–liquid separator was proposed to retain undigested biomass
with the active community in the system [67]. This approach addresses the issue of biomass
washout, but not the limitations for feedstock processing (size reduction, low solids) or
energy consumption.

LBRs are a promising alternative to the CSTR for VFA production from high-solid
waste such as food waste, OFMSW and vegetable waste, and grass (Table 1). Compared to
CSTRs, these reactors have been reported to permit higher loads and high VFA produc-
tion [35,68]. In LBRs, solid material is loaded into the reactor and irrigated with water,
which is recycled through the system continuously. Hydrolysis occurs in the solid bed,
while fermentation occurs in the liquid phase, thus, decoupling the hydrolysis and fer-
mentation processes. The recirculation mechanism allows for the dilution of inhibitory
compounds and increases the moisture in the solid bed which facilitates micro-organism
growth and activity, all with a relatively low water requirement [69,70].

Compared to CSTRs, LBRs have several financial advantages—less instrumentation,
maintenance, and investment are required, making it an attractively low-cost, high-solids
AD reactor [71]. However, since LBRs process solid feedstock which is not stirred, VFA prod-
uct accumulation can occur. Furthermore, high levels of VFA can inhibit micro-organisms
involved in the hydrolysis and fermentation stages [72–74]. In-line VFA separation, which
could remove VFA product from the LBR leachate, is currently being investigated [75,76].
However, there is currently no consensus or single outstanding technology being used to
recover VFA from fermentation liquor. Therefore, researchers have focused on developing
two-stage systems in which VFAs generated in LBRs are removed and valorized through
processes such as chain elongation (CE), PHA production, or even biogas production.
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Table 1. Chemical characteristics of feedstocks and inoculum sources used for VFA production.

Raw Material TS VS COD/TOC Lignocellulosic Remarks
Ref

(%ww) (%ww) (gO2.kg−1ww) (%TS)
Feedstock:

Cattle manure 5.0–9.5 7.0–7.3 44–54 n/r TKN: 1.9–3.6 gN.kg−1ww [3]

Ryegrass silage 35–40 31.3–36.0 312–360 n/r TKN: 4.7–5.9 gN.kg−1ww [3]

Napier grass 15.12 g.L−1 12.65 g.L−1 0.92 g.g−1
Cel: 36.81%,

Hem: 26.16%,
Lig: 8.27%

[77]

Ryegrass silage 25.5 24.1 n/a
Cel: 34.3%,

Hem: 29.6%,
Lig: 8.6%

Ddata based on fresh ryegrass before ensiling [78]

Food waste 42.46 ± 0.78 38.45 ± 1.87 53.02 ± 2.29% a n/a TKN: 2.10 ± 0.17% [79]

Dried farmland grass 83.6 ± 0.6 72.8 ± 1.1 n/a n/a [80]

OFMSW 12 ± 1.4 10.7 ± 0.7 102.8 ± 13.0 n/a Mix of feed, inoculum, and tap water to a TS of 7–8 %ww.
TKN: 3.12 ± 0.51 gN.kg−1ww [81]

OFMSW 28.14 ± 4.01 25.98 ± 2.29 312.6 ± 120.8 n/a
A mix of OFMSW and water was used as inoculum

after it was acclimatized to 55 ◦C.
TKN: 8.16 ± 1.83 gN.kg−1ww

[82]

Food waste 28.19 ± 2.32 25.96 ± 2.08 376.4 ± 51.3 b,
28.6 ± 2.3 c

Cel: 2.82 ± 0.95%,
Hem: 32.58 ± 4.48% Lipids: 27.50 ± 1.45 %ww; Protein: 20.69 ± 1.17 %ww [35]

Food waste 17.8 17.1 320 gO2.L−1 b,
95 gO2.L−1 c n/a Lipids: 0.59 %ww; Protein: 3.79 %ww [83]

Food waste 16.5 ± 0.2 15.5 ± 0.7 264 ± 27 gO2.L−1 b n/a
Sludge inoculum acclimatized for 5 days at 37 ◦C.

Inoculum was treated with BES to
inhibit methanogenesis

[84]

Kitchen waste 128.92 ± 2.33 g.L−1 115.91 ± 2.84 g.L−1 n/a n/a [85]
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Table 1. Cont.

Raw Material TS VS COD/TOC Lignocellulosic Remarks
Ref

(%ww) (%ww) (gO2.kg−1ww) (%TS)
Inoculum:

Cow manure 16.81 g.L−1 11.78 g.L−1 0.19 g.g−1
Cel: 18.29%,
Hem: 9.07%,
Lig: 11.77%

[77]

Liquid digestate from
the co-digestion of pig

manure and grass silage
2.30% 1.60% 0.58 gO2.L−1 c n/a Stored at 35 ◦C until CH4 production was minimal. [78]

Cow manure 18.22 ± 0.77 16.33 ± 0.76 50.76 ± 2.96% a n/a TKN: 1.40 ± 0.02% [79]

Anaerobic digested
food waste 2.98 ± 0.00 2.67 ± 0.00 34.80 ± 0.98% a n/a TKN: 1.99 ± 0.03% [79]

Anaerobic
granular sludge 9.01 ± 0.09 7.85 ± 0.04 n/a n/a [35]

Anaerobic
digestion sludge 0.4 ± 0.1 0.3 ± 0.1 10.5 ± 1.2 gO2.L−1 b,

5.1 ± 0.8 gO2.L−1,c n/a [84]

Anaerobic
digestion sludge 31.31 ± 0.49 g.L−1 19.67 ± 0.35 g.L−1 n/a n/a Pre-treated with heat-shock at 70 ◦C for 30 min [85]

Acronyms: TS—total solids, vs.—volatile solids, COD—chemical oxygen demand, TOC—total organic carbon, TKN—total kjendahl nitrogen, Cel—cellulose, Hem—hemicellulose,
Lig—lignin, BES—2-bromoethane sulfonic, and n/r—not reported. Notes: a—TOC, b—Total COD, and c—Soluble COD.
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4.2. Multi-Stage System Design and Application

A multi-stage bioreactor is, broadly, any system with two or more bioreactors. This
design facilitates the segregation of different microbial processes into separate reactors, al-
lowing the environment of each reactor to be optimized for a specific functional microbiome.
Such systems are capable of efficiently treating organic waste in terms of degradation yield
and biogas production [86], and of producing valuable products such as VFA, lactic acid,
alcohols, and medium-chain carboxylic acids (MCCAs) [87–89]. In a multi-stage system,
hydrolysis and acidification stages occur in one reactor, while CE, PHA production, and
methanogenesis occur in a separate reactor. In this way, the inhibition of the methanogens
is avoided in the first reactor and different operating conditions can be used in each
stage to maximize yields. This approach has been found to be more stable than single-
stage systems in treating organic waste with high solid content [90,91]. The observed
enhanced performance is reportedly due to the flexibility in process control offered by
two-stage systems [8,92].

The number of multi-stage systems throughout Europe was expected to rise due to
their ability to handle higher loading rates and improved process stability and flexibility.
However, less than 10% of AD capacity in Europe are multi-stage systems [93,94]. This
discrepancy is likely due to the complexity and cost of building and operating such systems.
Nevertheless, the versatility and potential of multi-stage systems to improve process
performance has encouraged ongoing research, especially within the biorefinery context.
The viability of the multi-stage bioreactor systems was evaluated in a previous study
in which one- and two-stage systems for the enzymatic hydrolysis of a municipal solid
waste were compared using a techno-economic assessment (TEA) approach. The authors
reported, on average, a 15–22% return on investment (ROI) and a 4–6 year payback period
(PP) for two-stage systems, compared to 4–7% and 13–25 years for one-stage systems [95].
Regalado et al. (2022) pointed out that a multi-stage processing system, in which biogas
is simultaneously recovered with other value-added products, offers a possible solution
for achieving a more robust circular economy [96]. In addition, multi-stage systems allow
for the treatment of large quantities of recalcitrant biomass which otherwise could not be
treated with one-stage systems. This enhances the carbon-neutral energy output.

5. Process Optimization for Carboxylic Acid Production
5.1. Producing Carboxylic Acids

Carboxylic acids could serve as the foundation for a circular bioeconomy; here we
focus especially on lactic acid and VFAs. Lactic acid can be used by the cosmetic, dairy, and
pharmaceutical industries. It is also a precursor for the synthesis of bioplastics (polylactic
acid) and MCCAs [80,97]. VFAs are aliphatic organic acids with less than six carbons
that, likewise, have applications in the pharmaceutical, dairy, food, animal food, textile,
and cosmetic industries [97]. However, the commercialization of biogenic, mixed VFAs is
still challenging, as a commercially feasible technology to recover and purify individual
VFAs is still needed [98]. Alternatively, many studies have proposed the use of mixed
VFAs as building blocks in a biorefinery to produce MCCAs, polyesters, PHAs, bioenergy,
and electricity [98,99].

The fermentative process for VFA production requires further development. As
compared to established chemical routes, the process has lower productivity and yield with
higher production costs [100]. Of course, the chemical synthesis and petrochemical route
produces more GHG emissions and consumes unrenewable energy sources [98]. Our review
of the literature indicates that VFA production costs could be minimized by valorizing
low-cost residual biomass, such as food waste, grass, and manure. Moreover, productivity
yields and concentration can be improved by optimizing operational parameters such
as inoculum, feedstock, temperature, pH, organic loading rate, and leachate dilution
(Tables 1 and 2). Therefore, it seems that from a sustainability standpoint, the biological
production of VFA is the most promising option.
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Table 2. Summary of the operational conditions for VFA production using the raw materials described in Table 1.

Reactor Operation Leachate Dilution Recirculation (L h−1) pH Biomass
Degradation (%VS)

VFA Total
(gCOD.L−1)

VFA Profile (%)
Ref

Ace Prop But Val Cap

AF a, loading 18 kgCOD m−3

day−1 for 120 days at 35 ◦C
n/r n/r 5.5 25.9–37.0

6.4 77.6 11.3 6.3 1.9 0.5 [3]

10.3 71.1 12.0 7.3 2.0 1.2 [3]

LBR for 28 days at 28 ± 3 ◦C

No dilution 4.0 6.6 ± 1.2 ~55 22.8 g 35.6 15.5 32.1 16.8 n/r [3]

2x, 3-day interval 4.0 6.2 ± 0.8 ~65 46.9 g 54.2 14.0 20.4 11.5 n/r [77]

2x, 3-day interval 4.0 6.0 ± 0.5 ~35 25.9 g 36.3 28.7 20.2 14.9 n/r [77]

LBR, loading 0.5–1.0 kg m−3

day−1 for 24–32 days at 28 ± 3 ◦C
2x, 6-day interval 0.2 6.5 b 62.1–66.3 0.3–0.4 gCOD

gsCOD−1 38–41 27–31 25–28 3-5 n/r [78]

LBR, loading 12.8 kg m−3 day−1

for 17 days at 35 ◦C
2x every sampling n/r 6.0 c 68.05 ± 2.14 5.8 22.6 11.3 66.0 n/r n/r [79]

CE a, loading 25 mL for
30 days at 32 ◦C n/r n/r 5.5-6.3 d n/r 12 g L−1 33.4 2.1 7.5 20.9 34.1 [80]

CSTR, loading
14–15 kgVS m−3 day−1

for 180 days at 37 ◦C
n/r n/r 6.6 ± 0.2 42 24.4 ± 0.2 14.4 28.6 15.4 27.2 n/r [81]

CSTR, loading 17 kgVS m−3

day−1 for 100 days at 55 ◦C
n/r n/r 5.3 ± 0.1 83 13.9 ± 0.5 n/r n/r n/r n/r n/r [82]

CSTR, loading 80 gVS.L−1

for 7 days at 37 ◦C
15x e 0.05 7.0 f 68-76 73.5 ± 1.9 28.4 12.1 24.8 0.0 29.7 [35]

CSTR, loading 40 gVS.L−1

for 12 days at 37 ◦C
n/r n/r 6 g 55 48 g ~37 ~13 ~17 ~9 ~21 [83]

LBR, loading 21.7 gVS.L−1

for 14 days at 22 ◦C
n/r 4.4

6 81 24 ± 0.2 h 29.2 4.2 66.7 n/r n/r [84]

7 84 28 ± 0.6 h 39.3 7.1 50.0 n/r n/r [84]

8 87 27 ± 0.2 h 51.9 18.5 29.6 n/r n/r [84]

CSTR, loading 5 gVS L−1 day−1

for 30 days at 37 ◦C
n/r n/r 7.0 ± 0.3 n/r 19.6-24.8 g L−1 35–48 12–21 24–30 3–13 2–17 [85]

Acronyms: AF—acidogenic fermentation, CE—chain elongation, COD—chemical oxygen demand, CE—chain elongation, LBR—leach-bed reactor, CSTR—continuous stirred tank reactors, n/r—not reported. Notes:
a—reactor configuration was not disclosed, b—adjusted every 6 days, c—adjusted every sampling, d—not adjusted, e—at the beginning of each cycle, f—at the beginning, g—controlled every 2 days, and h—VFA production
reported in terms of acetic, propionic, and butyric acids.
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5.2. Inoculum—Providing an Appropriate Microbial Community

Fermentative processes are carried out by microbial communities, and their com-
position and activities are directly related to reactor operational conditions. VFAs can
be produced through fermentation employing either pure cultures or mixed cultures as
inoculum. The use of pure culture fermentation, however, requires synthetic media, pure
substrates, and media sterilization, increasing production costs [101]. Alternatively, the
use of residual biomass feedstocks during mixed-culture AD does not require energy for
sterilization or pure substrate supplementation, thus, providing greater cost-efficiency [99].

AD is catalyzed by a microbial consortium composed of different hydrolytic and
fermentative bacteria, and methanogenic archaea [102]. VFAs are produced in the second
step (acidogenesis) of the AD process, alongside lactic acid, CO2, and H2. However,
complete mineralization involves the consumption of VFAs by methanogenic archaea
producing acetic acid, CO2, and H2 and, ultimately biogas [50]. Therefore, to optimize
VFA production, methanogenic archaea must be inhibited using chemical (e.g., BES) [83] or
physical (e.g., heat-shock) [85] pre-treatments, or by manipulating operational conditions
(e.g., pH) [103]. Balancing the trade-off between VFA productivity and the cost of these
pre-treatments is necessary to ensure process feasibility.

The use and choice of inoculum is another crucial consideration in VFA production.
The absence of inoculum in grass fermentation led to very low biomass degradation and
VFA production (Table 2) [77,78]. The use of cow manure as inoculum increased VFA
production as well as the degradation of grass. The quantity of inoculum was also shown
to be an important consideration; adding more than 20% of cow manure to the solid
fraction proved to negatively impact the process due to the high solid content inside
the reactor [77]. The digestate from an anaerobic co-digestion of pig manure and silage
was responsible for increasing VFA production from grass silage, enhancing biomass
degradation [78]. Additionally, rumen bacteria from cow manure caused a shift in the
profile of VFAs obtained from food waste, leading to increased propionic, butyric acid, and
ethanol concentrations [79].

5.3. Two-Stage Design for Optimized Carboxylic Acid Production

As discussed previously, two-stage systems are preferable for the accumulation of
VFAs in AD since the optimal operational conditions of acidogenesis and methanogenesis
are drastically different. Moreover, a second stage reactor can also be used to further convert
VFAs into MCCAs, PHAs, and other valuable products. A two-stage strategy for the AD of
grass was found to increase hydrolysis of grass silage and biogas productivity [50]. Addi-
tionally, a two-stage AD of OFMSW using a mesophilic CSTR produced 24.4 g COD.L−1

of VFA while maximizing acidification [81]. While this study was designed to optimize
biogas production in the second stage, the observed accumulation of propionic and valeric
acids in the first stage highlight the potential for PHA production. Another two-stage study
recorded grass fermentation and subsequent microbial CE of the lactic acid produced [80].
The native micro-organisms on the surface of the grass were responsible for the lactic
acid production (9.36 g L−1) at low pH, while caproic acid, acetic acid, and butyric were
obtained in a CE reactor. Caproic acid has very low solubility in water and is immiscible at
concentrations above 11 g.L−1 (20 ◦C). Therefore, optimizing the operational conditions to
obtain caproic acid above this concentration would be beneficial for the process, not only
due to its high market value but to decrease costs associated with product recovery.

5.4. Leachate Dilution in LBRs Affects VFA Production

A recent study demonstrated that diluting LBR leachate resulted in increased VFA
production and grass solubilization [77]. Reactors with undiluted leachate had lower VFA
production; the degradation of grass was also limited, represented by the low soluble
COD produced (51.5 g). Meanwhile, leachate dilution led to a higher production of VFAs—
observed as an accumulation of acetic acid (54.17%). The accumulation of higher chain
VFAs (e.g., butyric) can have inhibitory effects on micro-organisms, negatively impacting
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overall acid production and feedstock degradation [77,78]. As an alternative to leachate
dilution, in-line selective VFA extraction may remove higher-chain VFAs with a higher
market value to produce PHAs and MCCAs, while separating and concentrating the acetic
acid for biomethane production in a high-rate reactor [3,97,98,104,105].

5.5. pH Directly Affects Biomass Degradability and VFA Profile

In fermentative processes, it has been found that the pH directly affects the microbial
community, as well as biomass degradability [79]. Further, pH is directly correlated with
VFA and H2 production in the fermentation of food waste [82]. Low pH (below 6.5)
effectively inhibits methanogenesis but may also inhibit hydrolysis when lower than
4 [78,79,103]. Recently, high VFA production during fermentation of OFMSW was attributed
to an operational pH of 6.6, which may have been high enough to avoid the inhibitory
effects of acidic environments [81]. Moreover, studies showed that pH values ranging from
6 to 7 improved food waste hydrolysis and maize silage solubilization while increasing
VFA accumulation [106,107]. In the fermentation of grass silage, slightly lower pH levels
were responsible for higher VFA yield with stable operational conditions and suppressed
methane generation [108]. In the fermentation of grass pellets, controlling the pH levels
at 5.50 using 6 M sodium hydroxide led to an efficient degradation of grass to produce
4.5 g/L−1 of VFAs [105]. In two-stage systems, the recycling of anaerobic leachate from
a second reactor can eliminate the need for external buffering agents to control the pH
in a first stage LBR—resulting in overall reductions in operational costs, downstream
processing, and environmental impacts [50].

5.6. Temperature Implications for VFA Accumulation

Temperature is also an important factor when considering the digestion of high-
solid biomass for the production of VFAs. Although it does not affect the VFA profile as
significantly as pH, temperature can affect the microbial community dynamics [101]. Lower
temperatures, in particular, are reported to reduce the hydrolysis of grass but may have
a positive effect on VFA accumulation [47]. Mesophilic temperatures (37 ◦C) during the
fermentation of OFMSW prevented sudden drops in pH, which consequently prevented
inhibition of VFA production [81]. Conversely, thermophilic temperatures (55 ◦C) during
the fermentation of food waste in a similar CSTR reactor with no inoculum addition led
to a 43% reduction in VFA production [82,107]. A final consideration when deciding
upon an operational temperature is the cost of heating the system—additional heating can
significantly add to the operational costs of the treatment. In light of these considerations,
low-temperature operational conditions may be ideal for VFA generation.

5.7. Organic Loading Rate and Hydraulic Retention Time

Organic loading rate (OLR) and hydraulic retention time (HRT) are also important
parameters in the production of VFAs. At higher HRTs, micro-organisms are retained in
the bioreactor for longer periods, leading to more thorough conversion of the biomass.
Although, a high HRT will also increase operational costs [101]. OLR is an important
parameter in VFA production [109,110] — A higher OLR translates into increased overall
substrate availability and may also cause a decrease in pH, inhibiting methanogenesis [103].
Indeed, increasing the OLR has been shown to successfully inhibit the methane production
without the aid of additional methanogen inhibitors [83]. This inhibition and nutrient
availability leads to a increased accumulation of VFAs, e.g., during fermentation of OFMSW
in plug-flows, doubling the OLR resulted in a 150% increase in VFA production and 30%
decrease in specific biogas production [110]. On the other hand, the pH decrease that comes
with a high OLR may also function to hinder hydrolysis [78]. It was also observed that
increasing the OLR and pH levels lower than 5 led to a predominance of ethanol production
instead of VFAs in the fermentation of food waste in leach-bed reactors [109]. Therefore, an
optimal pH range associated with both a balanced and appropriate OLR is necessary to
support optimal production.
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5.8. Feedstock Choice Influences VFA Profile

As discussed in Section 3, feedstock has a direct impact on VFA production (Table 1)
similar to OLR. Characteristics, such as ammonia, COD, pH, and micronutrient availability,
could affect the microbial conversion of the biomass to the desired acids [101]. Notably,
the hydrolysis of biomasses that have higher total COD than soluble COD is directly
impaired due to the degradation of particulate compounds. Feedstock type is also known
to affect the profile of VFAs produced due to its characteristics and/or indigenous microbial
community [80,101,107]. For example, propionic and valeric acids were the main VFAs
obtained in the fermentation of food waste at 5-day HRT, 14–15 kgVS.m−3.day−1 [81],
while butyric and acetic acids were the main VFAs produced from fermentation of grass
and grass silage (Table 2) [77].

5.9. The Challenge: VFA Recovery and Concentration

The choice of which operational conditions to employ in VFA generation must be
informed by the intended purpose of those VFAs. For example, when designing a second
stage to produce biomethane or electricity using microbial fuel cells, conditions should
maximize the accumulation of acetic acid [101]. However, if the primary function is to
produce PHAs in a second reactor, conditions should support the accumulation of butyric
acid or propionic and valeric acids. In this way, optimizing the operational conditions to
produce VFAs is extremely important. Although focus has been placed on VFA production
and optimization, the separation of individual VFAs remains a substantial challenge [97].

The separation of individual VFAs is inherently challenging due to (i) the similar
physical properties of VFAs, (ii) their potential to form azeotropes with water, and (iii) their
oftentimes low concentrations in fermentation media [99]. In one recent study attempting to
isolate caproic acid, a VFA-rich stream was treated via electrochemical extraction. It success-
fully concentrated caproic acid above its solubility concentration in water, which resulted in
the formation of a hydrophobic layer making the separation feasible with 70%wt purity [80].
However, scaled application would require external electricity supplementation. In a re-
cent study, two techniques were investigated: a combination of ultrafiltration and reverse
osmosis membrane and liquid-liquid extraction with diethyl ether and methyl-isobutyl-
ketone [97]. Another combination of techniques using solid screening, microfiltration,
pervaporation, and electrodialysis was successful in recovering 4.5 g.L−1 of VFAs from
a 80 L reactor fermenting grass while separating the solids [105]. However, to date, the
selective separation of individual acids is still unavailable, which directly impacts the
commercial feasibility of isolating specific VFAs to sell as individual products [98,99].

Moreover, VFA separation from complex media, such as fermentation liquor, is pri-
marily limited to lab-scale investigations which implement a wide variety of technologies.
Analyzing trends in this work may facilitate consensus building and eventual pilot-scale
and real-world applications. Current trends suggest that separation methods often consist
of multiple steps and technologies, making up process cascades (Figure 2). Most require one
or more media preparation steps, such as pH correction or solids removal. These steps each
require equipment and operational input and greatly influence the overall efficiency of the
pipeline. For instance, approximately 75% of these processes used a solid removal method
(Figure 2). Most used centrifugation or filtration as opposed to more efficient, passive
solids removal technologies such as tank separation. Additionally, while pH correction
was implemented in most fermentation systems, it was only considered a step in the VFA
separation process if (i) it was corrected to a very high or very low pH [111,112], (ii) the pH
was specifically referenced as facilitating separation [113], or (iii) if the fermentation broth
was pH-corrected after collection from reactor [114].



Fermentation 2022, 8, 445 14 of 25

Fermentation 2022, 8, x FOR PEER REVIEW 15 of 26 
 

 

correction was implemented in most fermentation systems, it was only considered a step 
in the VFA separation process if (i) it was corrected to a very high or very low pH 
[111,112], (ii) the pH was specifically referenced as facilitating separation [113], or (iii) if 
the fermentation broth was pH-corrected after collection from reactor [114]. 

 
Figure 2. Processes used to separate VFAs from fermentation liquors. Sankey plot showing the 
variety of VFA harvesting processes as a flow of stages (1st, 2nd, 3rd, and 4+). Technologies using 
similar principles and materials were grouped together; for example, electrodialysis and membrane 
electrolysis were grouped together since they both use membranes and current driven separation 
of solutes. Technologies were classified as “other” if they were used by only a single study at any 
given stage. References: 1—[115]; 2—[75]; 3—[114]; 4—[116]; 5—[117]; 6—[46]; 7—[113]; 8—[118]; 
9—[119]; 10—[97]; 11—[120]; 12—[105]; 13—[121]; 14—[88]; 15—[80]; 16—[122]; 17—[123]; 18—
[124]; 19—[125]; 20—[112]; 21—[111]; and 22—[126]. 

CE was used in only 10% of these treatments. Generally, CE alone is not sufficient to 
accomplish VFA separation. Also referred to as a secondary fermentation, it is a microbi-
ally mediated process that lengthens the carbon chains of fatty acids, making them more 
hydrophobic and easier to separate from an aqueous solution. Often CE requires electron 
donor supplementation (e.g., ethanol). However, one study instead relied on donors pro-
duced during primary fermentation [80]. Because fermentation liquors have significant 
levels of electron donors (e.g., lactic acid) they may be well-suited for use as feedstock for 
CE processes. 

In VFA separation processes, research suggests that the last step is the most intensive 
and effective. Roughly 30% of treatments terminated with the use of electrodialysis or 
membrane electrolysis, 20% with membrane contractors/membrane based solvent extrac-
tion/membrane-based reactant extraction, 14% used leachate absorption, and 14% used 
liquid extraction (Figure 2). Only 14% of the terminal treatments were classified as “other” 
technologies which were used two or fewer times (e.g., distillation, pervaporation). Each 

Figure 2. Processes used to separate VFAs from fermentation liquors. Sankey plot showing the
variety of VFA harvesting processes as a flow of stages (1st, 2nd, 3rd, and 4+). Technologies using
similar principles and materials were grouped together; for example, electrodialysis and membrane
electrolysis were grouped together since they both use membranes and current driven separation
of solutes. Technologies were classified as “other” if they were used by only a single study at any
given stage. References: 1—[115]; 2—[75]; 3—[114]; 4—[116]; 5—[117]; 6—[46]; 7—[113]; 8—[118];
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CE was used in only 10% of these treatments. Generally, CE alone is not sufficient to
accomplish VFA separation. Also referred to as a secondary fermentation, it is a microbially
mediated process that lengthens the carbon chains of fatty acids, making them more
hydrophobic and easier to separate from an aqueous solution. Often CE requires electron
donor supplementation (e.g., ethanol). However, one study instead relied on donors
produced during primary fermentation [80]. Because fermentation liquors have significant
levels of electron donors (e.g., lactic acid) they may be well-suited for use as feedstock for
CE processes.

In VFA separation processes, research suggests that the last step is the most inten-
sive and effective. Roughly 30% of treatments terminated with the use of electrodialysis
or membrane electrolysis, 20% with membrane contractors/membrane based solvent
extraction/membrane-based reactant extraction, 14% used leachate absorption, and 14%
used liquid extraction (Figure 2). Only 14% of the terminal treatments were classified
as “other” technologies which were used two or fewer times (e.g., distillation, perva-
poration). Each separation technology generally entails a trade-off between cost and
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productivity [97]. The cost of using membranes with electricity is dependent upon the
price of the membrane material. Meanwhile, the use of organic solvents is controversial
in terms of sustainability since most of these solvents are fossil-fuel derived chemicals.
The use of distillation to recover these solvents and VFAs could be feasible provided a
low-cost energy source is available. As mentioned previously, some studies have avoided
separation altogether by converting mixed VFAs into the desired products directly from
the fermentation liquor [99,101,127–129]. However, more work needs to be done in this
area to maximize productivity and improve commercial feasibility.

6. Innovative VFA Applications
6.1. VFAs for Bioplastic Production

PHAs are biodegradable thermoplastic polymers synthesized by micro-organisms
from VFA (Figure 1) and, therefore, are considered an environmentally friendly substitution
to fossil fuel-derived plastics [101,128,130]. The characteristics of the final bioplastic are
directly related to the polymer chain-length and the monomers and co-monomers used
in its formation [128,130,131]. Although PHAs are already commercially produced, high
operational costs still hinder large-scale production of these bioplastics [130]. Most com-
mercial productions are performed by pure or genetically modified cultures, consequently
resulting in high operational costs due to downstream processing (separation, filtration,
and centrifugation), energy input (media and reactor sterilization), substrate formulation
(pure VFAs), and equipment cost [101,130]. However, many studies have shifted focus to
the development of processes using mixed cultures and low-cost biomass, thereby improv-
ing economic feasibility [101,128,129,131,132]. The profitability of PHA production seems
to be associated with selecting (i) low-cost feedstocks and (ii) specialized mixed cultures
(as opposed to pure cultures) to decrease operational costs. Optimizing the conditions for
PHA production would also decrease the costs associated with product recovery [101].

6.2. VFAs for Chain Elongation Chemicals

MCCAs are aliphatic and straight carboxylic acids composed of 6–12 atoms of car-
bon [127]. MCCAs are produced from the biological CE of ethanol and/or short-chain
carboxylic acids (SCCAs) through the reverse β-oxidation pathway by anaerobic bacte-
ria [133]. The MCCAs have longer carbon chains and are hydrophobic as compared to
SCCAs. Thus, the recovery of MCCAs from liquid media is easier, translating into lower
downstream separation costs for higher-market-value compounds [127]. As with PHA
production, the use of mixed-species cultures rather than pure cultures would increase com-
mercial feasibility. Therefore, many studies on optimizing the production of MCCAs from
low-cost feedstock and VFA-rich streams have been conducted [35,80,115,127,134–138].
Challenges remain in terms of optimizing operational conditions to selectively produce the
MCCAs of interest and concentrate them to a solubility level that would facilitate separa-
tion from the liquid media. Moreover, the development of effective and cheap separation
processes would also increase the competitiveness of MCCAs.

6.3. VFAs for Bioenergy and Biofuel

Biogenic VFAs can also be converted into bioenergy and biofuels such as biogas,
biomethane, biohydrogen, and electricity (Figure 1). Although not as profitable an ap-
plication as the synthesis of PHAs and MCCAs, bioenergy is essential to the function
of a biorefinery. In order to support chemical platforms of the biorefinery, VFAs can be
converted to energy and used to sustainably maintain the biorefinery processes. Surplus
energy could be sold to the grid, while biogas can be used as a source of heat, for combined
heat and power (CHP) plants [139], or upgraded to biomethane [140]. Biohydrogen has
also attracted attention as a fossil fuel substitute for transport due to its clean combustion
(generating water) and high energetic value [141]. VFAs can be used to generate biohydro-
gen through photo fermentation and microbial electrolysis cell [101,142,143]. Alternatively,
VFAs can also be used to produce electricity from microbial fuel cells [101]. These processes,
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however, have not yet achieved a commercial state and are highly dependent upon an
acetic acid rich VFA stream to maximize efficiency.

7. Fermentative Microbial Communities
7.1. Microbial Communities—Why Bother?

Microbiology provides a validation that communities develop and adapt to conditions
inside engineered systems [35,144–147]. Understanding their responses and ongoing devel-
opment can give us confidence around applications of new technologies. Understanding
that there are degradative processes that can be linked to biological processes and further
linked to design [148,149] is critical for the future of the field. Furthermore, understand-
ing how microbial communities develop under these conditions and underpin efficient
conversions, supports the application of biotechnologies under conditions which were
previously considered unsuitable. Gaining a deeper understanding of the interactions,
ongoing development, and functions of built-ecosystem microbiomes will move us one
step further toward harnessing their transformative metabolisms at full capacity—resulting
in more efficient systems and a wider range of bioproducts at higher yields.

7.2. Key Fermentative Groups

The structure and function of a bioreactor’s microbial consortium directly depend
upon the applied operating conditions; thus, community profiles vary from study to
study. For example, operational choices, such as pre-treatment [150], temperature [151],
inoculum [152], and even digester design [148] all induce shifts in microbial community
structure and function. However, while fermentative systems support a diverse range
of community profiles, several common trends and notable findings reoccur. Namely,
Clostridia are consistently cited for efficient production of VFA across a wide range of studies
with differing operational conditions [35,48,150,153]. Other important players in terms of
efficient VFA production are Sporanaerobacter, Tissierella, Bacillus, and Firmicutes [152,153].
Interestingly, however, one study noted that Chloroflexi were negatively associated with
increased VFA yields [152].

8. Future Perspectives: Biorefinery Concept, Application, and Challenges

Most existing AD plants generate biofuel and/or biochemicals in single production
chains, generating low-value products or residues which are treated as waste or land spread.
In contrast, AD plants can function within a biorefinery as part of a zero-waste strategy,
resulting in the complete conversion of wastes into valuable products. The biorefinery
concept is parallel to the refinery process in the oil industry, where crude oil is taken in
and separated into a myriad of petrochemical products including fuels, lubricants, waxes,
asphalt, and polymer production chemicals. Similarly, a biorefinery is a facility that takes
in biogenic feedstock to produce biofuels, power, and biochemicals [154].

However, unlike an oil refinery, biorefineries must cope with an extensive variability of
feedstock in terms of carbohydrate composition, recalcitrance, ash content, etc. In order to
optimally produce zero-waste end-products the biorefinery must integrate physical, chemi-
cal, biological, and thermochemical processes to convert each fraction into product [2,7].
Via process integration, these systems convert heterogenous biogenic and waste streams
into a multitude of value-added products. AD has great potential as a valuable core tech-
nology within the biorefinery concept (Figure 1) due to its diverse functionality. It can carry
out waste remediation, bioenergy production, bio-based product synthesis, and biological
pretreatment of lignocellulosic biomass [2,3,7].

AD is a proven process that generally produces energy-rich biogas as the main attrac-
tive product. However, biogas production is usually not stable in digester systems dealing
with heterogeneous feedstock (e.g., food waste, grass, and slurry). Therefore, the yield of
biogas is reduced, further reducing its already low economical added value. An alternative
approach is to bioengineer the AD process for the production of carboxylic acids alongside
biogas and other products, thereby converting biogas plants into biorefineries.
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Carboxylic acids, such as lactic, succinic, and VFA, have been successfully generated
from the initial anaerobic fermentation of food waste, agricultural waste (silage and cattle
liquid manure), and OFMSW (Table 1). These carboxylic acids are valuable products
when separated from the fermentation broth. However, due to their high solubility in
water, the recovery has proven difficult and economically unattractive [125,155]. These
carboxylic acids may be further processed into biogas or converted through biological and
chemical process into alcohol-based fuels (e.g., ethanol and butanol) or other value-added
products (e.g., PHAs and MCCAs), or they can be used directly to generate electricity in
microbial fuel cells [3,7,156]. In addition to organic acids, gaseous molecular hydrogen
and carbon dioxide are normally produced during the anaerobic fermentation of organic
substrates. These can be biologically converted to methane [157] or chemically processed
into methanol [158].

The solid residue obtained in the anaerobic treatment of biomass, known as digestate,
has been viewed as a low-value product, conventionally managed as a fertilizer or animal
bedding. However, recent studies have proposed innovative concepts and techniques for
its valorization to biogas and bio-based products [2,3,159,160]. The digestate, together with
a low VFA-liquor and biogas, can be processed to a methane-rich biogas which, in turn,
can be used to supply heat and electricity for facility operation. Furthermore, studies have
demonstrated that AD can act as a biological pre-treatment for lignocellulosic feedstock as
it degrades hemicellulose faster than cellulose, thereby facilitating the subsequent enzy-
matic hydrolysis of cellulose in downstream processes [161,162]. Following the cellulose
extraction, the lignin-rich residue can be thermochemically processed to biofuel or other
valuable products.

Interestingly, a significant opportunity exists to valorize the nutrient-rich liquor from
the digester for macro- and micro-algae production. This approach not only allows for the
production of algal biomass, which can be further processed into biofuels and bio-based
products, but also accomplishes nutrient-removal from AD effluents which can then be
recycled back as process-water into the AD plant [7,163]. Despite the potential value offered
by biomass biorefineries technological, spatial, and logistical barriers impact its economic
viability, thus hindering widespread application [164]. Notably, the technological barrier
seems to be the most pressing challenge as it directly affects production yield. To maximize
product yield from biomass, various pre-treatment methods and enzymatic hydrolysis
techniques have been used within the AD-based biorefinery. However, these techniques
present many limitations (e.g., low efficiency and high cost). Apart from the technological
barriers, challenges such as the recovery of products from effluent, the transportation of
the fuel and feedstock also impact the success of AD-based biorefinery (Figure 3).

Addressing these challenges by developing novel, sustainable, and economically
viable technologies will contribute towards the development of an economically attractive
biomass biorefinery. For instance, some studies have pointed out potential nanotechnology
applications in pre-treatment methods [165]. The enzymatic hydrolysis pre-treatment
method could be improved by using magnetic nanoparticles to immobilize hydrolytic
enzymes, thus allowing them to be re-used in multiple cycles of hydrolysis [166]. Novel
nanotechnological solutions should be further investigated, with an aim to improve product
yield and process efficiency.
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Figure 3. Challenges and opportunities for future research. The promise of a biorefinery-based
bioeconomy will rely on innovative and interdisciplinary solutions. The literature suggests that key
challenges with respect to feedstock variability, VFA production and recovery, process integration,
and scalability all need to be tackled.

9. Conclusions

Although there is clearly room for technological advancements and for closing research
gaps, literature suggests that the use of residual biomass within the biorefinery framework
is paving the way for a closed-loop bioeconomy. Within such a framework, VFA production
could serve as the core platform to produce both energy and a range of bio-based products.
This would propel us towards a functioning circular economy that minimizes waste and
maximizes production.
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