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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 increasing burden on waste management systems.

anaerobic digestion  biorefinery  fermentation

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 . 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 . 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, polyhydroxyalkanoates (PHAs), and bioenergy. AD can

serve as a sustainable and economically 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).
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An important 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 applications 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 . 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 investigating these parameters is being carried out and promises to greatly improve the efficiency and

stability of the acid-forming stage.

Figure 1. Potential biorefinery process focusing on maximizing VFA production. The process begins with the

valorization of residual feedstocks and culminates in the potential production of various high-value end-products

(highlighted in pink).

2. Methods of Valorizing Low-Value Feedstocks

2.1. Thermochemical Approach

Among the thermochemical conversion processes, gasification and pyrolysis are commonly used to produce heat,

biochar, and syngas from lignocellulosic biomass. Conventional gasification technologies include fixed beds,

fluidized beds, and entrained flow reactors . However, these technologies still struggle with process inefficiencies

[8]
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related 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 . Unlike gasification,

pyrolysis is a technology that converts biomass into bio-oil, syngas, and biochar in the absence of oxygen .

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 .

However, the high cost and safety risk of the pyrolysis process make it unviable for large scale applications .

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 . 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 ; in addition, the low production of tar and char is an advantage

compared to other technologies . 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 , and reactor designs which can withstand corrosion  and high pressure .

2.2. Biological Approach

Biological conversion processes encompass both AD and fermentation and are commonly 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 .

AD is a well-established process for the sustainable management of solid organic feedstock . 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 biogas as recorded in 2018 . 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 .

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
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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 , with 14% of food waste occurring during production processes alone . 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 . These materials all have relatively high moisture and energy

contents and, therefore, qualify as high value feedstock for AD . Through AD, this waste stream can be

converted into a renewable resource while simultaneously reducing waste-related challenges in the long term .

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 . Most food waste is primarily

composed of complex carbohydrates, including lignocellulosic and/or hemicellulosic compounds (25–30% of total

solids (TS)) . These carbohydrates originate from plant matter and are challenging to hydrolyze. Indeed,

hydrolysis is frequently reported as the rate limiting step in AD . Efforts to facilitate hydrolysis have been made,

primarily the investigation of various pre-treatment methods including alkaline , thermal , acid  and

enzymatic pre-treatments . However, these treatments all increase operational 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 .

3.2. Agricultural Residues

Agricultural residual biomasses comprise crop and plant residues, vegetable waste, forest residues, grass, and

livestock manure . These are largely composed of lignocellulose 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 .

Many studies in these contents introduce 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
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hemicellulose content (e.g., dilute acids and bases) or by applying physical treatment (e.g., high temperature and

pressure) to disrupt the lignin matrix . Of course, all pre-treatment processes entail a trade-off between the

cost of pre-treatment and the desired end-product yield increase . While ionic liquids and deep-eutectic solvents

have been recently investigated, full-scale biorefineries generally employ steam explosion, organosolv, or dilute

acids . 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 . In a biorefinery

context, carboxylic acids are a desirable product with high market value . Among lignocellulosic wastes,

grass is an abundant, renewable, and cheap feedstock that has been largely employed to produce biogas in AD

. 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 .

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 . 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 . 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 . 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 .

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 . 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 .

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 . However, there are some factors at play which limit the use of slurry/manure fed AD: (i)
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slurry bio-methane potential is low due to high moisture and low organic content ; (ii) a large volume of

feedstock, usually collected from multiple sites, is required for efficiencies of scale ; 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, specifically, 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  or VFA production .

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. Therefore, 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 . CSTRs are suitable for materials with solids content up to 10%  and work by thoroughly

mixing feedstock and microbes in the presence of suspended solids . 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 substrates, (iii) energy input required for continuous stirring, and (iv) the low solids content (<10%)

requirement . 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 . 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 production . 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 fermentation 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 .
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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 . However, since LBRs

process solid feedstock which is not stirred, VFA product accumulation can occur. Furthermore, high levels of VFA

can inhibit micro-organisms involved in the hydrolysis and fermentation stages . In-line VFA separation,

which could remove VFA product from the LBR leachate, is currently being investigated . 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.

Table 1. Chemical characteristics of feedstocks and inoculum sources used for VFA production.

[70]

[71][72][73]

[74][75]

Raw Material TS VS COD/TOC Lignocellulosic Remarks Ref  (%ww) (%ww) (gO .kg ww) (%TS)  

Feedstock:            

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

Ryegrass silage 35–40
31.3–
36.0

312–360 n/r TKN: 4.7–5.9 gN.kg ww

Napier grass
15.12
g.L

12.65
g.L

0.92 g.g
Cel: 36.81%,

Hem: 26.16%,
Lig: 8.27%

 

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

Hem: 29.6%,
Lig: 8.6%

Ddata based on fresh
ryegrass before ensiling

Food waste
42.46 ±

0.78
38.45 ±

1.87
53.02 ±
2.29%  n/a TKN: 2.10 ± 0.17%

Dried farmland
grass

83.6 ±
0.6

72.8 ±
1.1

n/a n/a  

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 ww

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 ww

2
−1

−1 [3]

−1 [3]

−1 −1
−1 [76]

[77]

a
[78]

[79]

−1

[80]

−1

[81]
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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, allowing 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 , and of producing valuable products such as VFA, lactic acid,

Raw Material TS VS COD/TOC Lignocellulosic Remarks Ref  (%ww) (%ww) (gO .kg ww) (%TS)  

Food waste
28.19 ±

2.32
25.96 ±

2.08

376.4 ±
51.3  ,

28.6 ± 2.3 

Cel: 2.82 ±
0.95%,

Hem: 32.58 ±
4.48%

Lipids: 27.50 ± 1.45 %ww;
Protein: 20.69 ± 1.17

%ww

Food waste 17.8 17.1
320 gO .L

,
95 gO .L

n/a
Lipids: 0.59 %ww;
Protein: 3.79 %ww

Food waste
16.5 ±

0.2
15.5 ±

0.7
264 ± 27
gO .L n/a

Sludge inoculum
acclimatized for 5 days at

37 °C. Inoculum was
treated with BES to inhibit

methanogenesis

Kitchen waste
128.92
± 2.33
g.L

115.91
± 2.84
g.L

n/a n/a  

Inoculum:            

Cow manure
16.81
g.L

11.78
g.L

0.19 g.g
Cel: 18.29%,
Hem: 9.07%,
Lig: 11.77%

 

Liquid digestate
from the co-

digestion of pig
manure and
grass silage

2.30% 1.60%
0.58 gO .L

n/a
Stored at 35 °C until CH4
production was minimal.

Cow manure
18.22 ±

0.77
16.33 ±

0.76
50.76 ±
2.96% 

n/a TKN: 1.40 ± 0.02%

Anaerobic
digested food

waste

2.98 ±
0.00

2.67 ±
0.00

34.80 ±
0.98%  n/a TKN: 1.99 ± 0.03%

Anaerobic
granular sludge

9.01 ±
0.09

7.85 ±
0.04

n/a n/a  

Anaerobic
digestion sludge

0.4 ±
0.1

0.3 ±
0.1

10.5 ± 1.2
gO .L ,
5.1 ± 0.8
gO .L

n/a  

Anaerobic
digestion sludge

31.31 ±
0.49
g.L

19.67 ±
0.35
g.L

n/a n/a
Pre-treated with heat-

shock at 70 °C for 30 min

2
−1

b

c

[34]

2
−1

b

2
−1 c

[82]

2
−1 b

[83]

−1 −1

[84]

−1 −1
−1 [76]

2
−1

c
[77]

a
[78]

a
[78]

[34]

2
−1 b

2
−1,c

[83]

−1 −1

[84]

[85]
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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.

alcohols, and medium-chain carboxylic acids (MCCAs) . 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 . The observed enhanced performance

is reportedly due to the flexibility in process control offered by two-stage systems .

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 . 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 . 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 . 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.
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