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Abstract

Food waste (FW) presents a critical issue, representing an environmental liability and a
largely untapped resource. Its heterogeneity and low valorization rate among main-stream
alternative treatments challenge its integration into economically and environmentally
sustainable bioprocesses. We explore biorefineries as a solution that can address the
complexity of urban food waste through biological strategies capable of converting food
waste into valuable products. Exploring the current landscape of FW biorefineries, this
study focused on the interplay between feedstock heterogeneity, pretreatment strategies,
microbial dynamics, and integration potential. We propose a framework distinguishing
between robust fermentations that can use minimally treated FW and tailored fermentations,
which require refined media pretreatment and/or supplementation to yield higher-value
compounds. Drawing on recent techno-economic and life cycle assessments, this article
evaluates process viability and environmental impacts across multiple scales, reinforcing
the need for robust analysis to support decision-making. Real-world initiatives and policy
frameworks are analyzed to contextualize technological advances within regulatory and
infrastructural realities. By linking practical constraints to biochemical and operational
strategies, this work outlines how food waste biorefineries can contribute meaningfully
to circular economy goals. Instead of treating FW as an intractable problem, it is seen as a
versatile feedstock that demands integration, investment, and adaptive process design.

Keywords: biotechnology; organic waste valorization; fermentation; high-value bioproducts;
bioprocesses; hydrolysis pretreatment; techno-economic assessment; life cycle assessment

1. Introduction
Waste generated in the process for food consumption, from field to table, is a global

problem of severe environmental and economic consequences. Supply-chain food loss
generated in the stages from agricultural to arrival at retail outlets represents 13% of the
food globally produced [1,2]. The impact goes beyond just the disposal logistics factor.
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All resources used in the discarded volume, like energy, used land, water, fertilizers, are
also wasted. Then, there is food waste (FW) from consumption. According to the United
Nations Environment Programme [3], FW generated in retail, food service and households
amounted to 1.05 billion tons/year in 2022, meaning that 19% of food that reaches the
consumption stage is then wasted. Estimates are that 8 to 10% of greenhouse gases can be
associated with this waste. In Brazil, the FW average generation in households has reached
94 kg/capita/year in recent years [3].

Due to the proportion of this issue, the target 12.3 of the United Nations’ 17 Sustainable
Development Goals (SDGs), established in 2015, recommends halving food loss in the
supply chain and FW at the consumer level by 2030. However, the latest UNEP report
in 2024 indicated that FW is still increasing as the years pass or, at least, the numbers are
showing relative stability, as more research sheds light on the real proportion of this issue.
Considering that there are unavoidable losses, completely eliminating food waste appears
to be an unrealistic goal, and recovering value from it is a necessary step [4].

One way to address this problem is through the developing lens of a circular bioecon-
omy. Besides generation reduction, this system sees waste as an opportunity to recycle,
reuse and repurpose [5]. Waste then becomes re-valued raw material. Food waste biore-
fineries fall into this category, being a sustainable subject for FW management. Biorefineries
integrate bioprocesses in a zero-waste-oriented manner, reframing and upgrading waste
into value-added products. The main benefits of bioprocesses are their reduction in energy
consumption and dependence on fossil fuels, in an inherently sustainable approach.

There are diverse bioprocesses that can be used in a biorefinery context, such as aerobic
decomposition, anaerobic digestion, biodiesel production, fermentation, and microbial
electrolysis [6]. For FW management, anaerobic digestion and composting have been
the most studied and implemented bioprocesses. Their negative aspects are such things
as prolonged execution times and products with low economic value, so there is a need
for economically attractive integrated biorefinery models [7,8]. Since FW management
is in itself a pressing issue, adding economic value to proposed solutions constitutes a
great incentive. This raises the question: which bioprocesses can add value and be better
explored using heterogeneous urban food waste as feedstock? Can a food waste biorefinery
be technologically, environmentally and also economically sustainable?

Since the concept is still in development, it is necessary to understand what alter-
natives are available to improve results, such as multifeedstock use, bioprospecting or
genetic engineering of microorganisms, and achievement of valuable products as outcomes.
Therefore, this review explores the current panorama of food waste biorefineries, with
emphasis on the influence of substrate composition and process conditions. Additionally,
it addresses both the constraints of scale-up bioprocesses and the economic feasibility of
urban food waste biorefineries.

2. Food Waste: What It Is and What Is Done About It
Organic waste is generated across the food supply chain and is intrinsically diverse.

Looking on a large scale, the supply chain from start to finish has different types of
losses involved. Ref. [3] defines “food loss” as the residue generated from agriculture
to transportation and “food waste,” as the residue which is left from retail to end-of-
line consumption (Figure 1). Each of these losses is complex in terms of composition
and treatment [9–11]. However, particular attention should be paid to the consumption-
stage food waste. It stands out both because it has a uniquely complex heterogeneous
composition and represents more than 50% of the total waste [3]. This is the waste generated
in households and food services, from diverse people with diverse tastes and diets.
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Figure 1. The flow of food residue generation.

This kind of FW generated in the consumption stages is generally collected and treated
together with Municipal Solid Waste (MSW). There are a lot of challenges in the treatment
and management of MSW, including its organic fraction. Suggested waste management
hierarchies are used by different institutions such as the European Union and agencies
in the United States to define what kind of solutions should be prioritized by order: non-
generation, reduction, reuse, recycling, recovery, and environmentally appropriate final
disposal of waste. It is important to highlight that the option of environmentally appropriate
final disposal applies only to solid waste that, after all treatment and recovery possibilities
have been exhausted, presents no other possibility than disposal in a sanitary landfill [12].

Even so, despite prioritizing non-generation and reduction in FW, some losses are
inevitable with today’s technology and society culture [8]. For example, materials like fruit
peels and bones of meat will not be totally consumed as food, but they have potential for
reuse or recycling before the leftovers go for traditional disposal. Despite this potential, the
initial challenge falls at the waste collection stage. If the disposal of waste is not conducted
separately, segregation of organic waste from inorganic waste can be difficult in the next
stages [13]. The next challenge is the already mentioned characteristic heterogeneity of
FW, which is an issue that needs to be addressed, since variability of feedstock can heavily
impact bioprocesses. For instance, ref. [14] found that the high variability in the biochemical
components of food waste can be seen when compared geographically and by food source,
projecting that the impact of this variability on production of biofuel can be at a level of
80% to almost 100% in efficiency reduction in the worst scenarios.

Characterization of the average composition of the FW is crucial to understand its
variability and, consequently, to explore its full potential [15]. Seasonality and sociodemo-
graphic patterns are factors that can impact the volume and composition of food waste,
with the majority of waste consistently being composed of major food groups such as
bakery, dairy, cereals, vegetables and fruits, and animal protein [16]. This is what makes FW
a rich source of important biochemical components such as carbohydrates, lipids, proteins,
and vitamins. In Table 1, it is possible to see the large difference in the composition of FW
obtained in different studies.
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Table 1. Variation in the biochemical composition of Heterogeneous Food Waste from different sources.

Macronutrient Composition Found in Literature (%) References

Moisture * 75.9–81.9

[6,14,17]

Total Carbohydrates 14.8–78.0

Starch 1.6–65.1

Cellulose 6.6–23.2

Hemicellulose 3.3–11.3

Lignin 0.8–17.6

Proteins 3.2–42.3

Lipids 2.0–52.9

Ash 1.0–5.9
* All the other items were calculated considering dry weight.

Ref. [18] acknowledges that the variability of FW composition used as feedstock in
bioprocesses like anaerobic digestion can lead to unstable results. However, this problem is
mitigated by the correct waste characterization and by the establishment of processes with
well-defined parameters that can be controlled. In this way, the necessary corrections for
effective results can be easily made. Afterwards, ref. [19] proposed that different kinds of
FW with known compositions can be blended on the basis of similarity or complementarity
to produce substrates that suit specific bioprocesses, such as in bioethanol production.

Regardless of the approach used to prepare the matrix, effective FW treatment does not
have a one-size-fits-all solution. Instead, FW should be considered as a dynamic, location-
specific resource: a pantry of ingredients that changes with time, geography, and culture.
This way, treatments that go beyond disposal and unlock FW real value can be increasingly
targeted, as opposed to the traditional go-to disposal methods. The challenges in MSW
management have made it easier for governments and waste management companies to
justify generic solutions, so food waste often has no planned treatment besides the options
that historically have been used for waste: sanitary landfills, incineration, and in the worst
case scenario, open dumps [11].

Even when the organic fraction of MSW (OFMSW) is segregated at source, it often
ends up not being correctly treated anyway due to logistical, infrastructural, and cultural
limitations [20]. Traditional treatments are known to be environmentally damaging options.
In landfills, the high moisture and degradable organic content of FW accelerate greenhouse
gas emission, with each ton releasing over 2.7 tons of CO2-equivalent. Globally, this
practice contributes more than 120 million metric tons of CO2 annually and is responsible
for nearly 20% of methane emissions and notable amounts of nitrous oxide, gases 25 and
300× more potent than CO2 respectively, in terms of greenhouse warming potential [8].
Beyond greenhouse gas emissions, FW disposal also entails considerable water and land
use burdens. Incineration, although effective in reducing waste mass, produces combustion
gases that carry toxic compounds, including persistent organic pollutants and heavy
metals, which can contribute to air contamination and pose risks to ecosystems and human
health [8]. Landfilling and incineration should currently be the last chosen option for
waste management, yet they remain common, despite being discouraged by modern waste
hierarchies (Figure 2).
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Figure 2. Municipal Solid Waste (MSW) management across multiple countries. Data from
refs. [21–29]. * Food Waste (FW) management was used when information was found.

Waste management practices vary widely across countries: Developing nations typ-
ically produce less waste per capita, but a high share of this waste is organic, which is
ideal for valorization [13]. However, limited infrastructure and informal handling systems
hamper effective management. In contrast, developed countries tend to generate more
waste per capita. But they benefit from established collection services, advanced treatment
technologies, and policy frameworks that support recycling and source separation [13].
Still, they have room for improvement.

Around the world, landfilling remains expressively the most popular form for FW
disposal, but there have been attempts at increasing composting and anaerobic digestion
participation. Some examples of the world’s contrasting scenario are discussed next. Brazil
treats only 9% of MSW via composting, recycling, or combustion, while 34% of the waste
could be recycled, and 45% is organic and could be re-valued [21]. In stark contrast, South
Korea has introduced a series of substantial initiatives and nowadays recycles 95% of
its food waste [22]. Indonesia, which identified FW as a serious problem due to space
limitations, is in the middle ground, working towards effective and sustainable solutions,
with 62% of its food waste being treated by bioprocesses [23]. China has implemented waste
reduction policies [24], but still sends 60% of MSW to landfills [25], and the United States
continues to landfill roughly half of its municipal waste despite advanced infrastructure [26].
South Africa, with recent advances in recent years to increase recycling, also shows a more
balanced distribution, but still about 46% of its municipal waste is landfilled [27].

Public policies of the European Union (EU) prioritize preventing waste and encourag-
ing the re-use of products whenever possible. When these options are not feasible, they
favor modern waste management practices [28]. And although they have strong policies
such as the 2008 Waste Framework Directive and the European Green Deal, the reality is
an amalgam of mixed results among the countries. Recycling rates (including composting
and other bioprocesses) differ significantly across countries. In 2022, while some countries
reported recycling at least 50% of their municipal waste, other countries had rates below
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20%. So, while the EU aims to reduce the overall amount of municipal waste sent to landfill
to 10% or less, the current figure remains at 30% [29].

The above-mentioned international experiences show that progress depends on co-
herent public policies, infrastructure investment, and community engagement. The 2024
Yale Environmental Performance Index (EPI) reinforces that the global landscape of waste
management remains uneven. The Solid Waste score, which is included as an issue cate-
gory in the EPI, ranks countries based on MSW generation per capita, controlled waste
treatment, and material recovery efficiency [30]. Although countries like Singapore, Japan,
and Sweden stand out for high performance in recycling and energy recovery, many others
fall behind either due to policy gaps, infrastructure limitations, or both.

The need for a global effort to invest in sustainable alternatives for waste management
is pressing. Integrated processes rise as cost-effective and attractive options, which include
integrated bioprocesses, such as those in biorefineries. There are challenges to be addressed
so that food waste can be a reliable feedstock source, such as the bioavailability of the
biochemical compounds that make up FW, but even so, this residue becomes an excellent
low-cost candidate for biomass.

3. How Can Bioprocesses Contribute to Food Waste Management?
Biorefineries using residues or biomass with no food chain competition as feedstock

have been idealized, designed, and discussed for years. Some pilot plants and bigger
facilities have been implemented, with a limited range of products and productivity,
primarily for energy production [31,32]. This can be attributed in part to the Technological
Readiness Level (TRL). The TRL is a scale to measure the maturity of a technology as it
progresses through the research, development, validation, and commercialization stages,
going from concept (TRL 1: scientific principle observed, basic research) to real-world use
(TRL 9: system proven in mission conditions, fully operational system). In the case of
bioprocesses, they can range from fermentations that are still in the laboratory validation
and prototyping stages, to those like windrow composting, which are ready for large-scale
production and have been tried and tested to such an extent that variables are known
and controllable.

Regarding specifically FW biorefineries, the possible processes that apply also have
varying TRL. Nowadays, composting to produce fertilizer and biodigestion to produce bio-
gas from food waste are consolidated processes with high TRL and adaptability from small
to large scale, and as important, they are well established as alternatives for food waste
treatment. However, they have a long operating time and products with low economic
value [8,33,34]. Thus, an option for FW biorefineries is to add value by integrating those
established methods with the production of higher-value chemicals, thereby achieving
better economic results through an integrated approach. It is important to say that biodi-
gestion is a process that has untapped potential for other products besides biogas, such as
biomaterials, biochemicals, and biofuels, but those flows of production are still being fur-
ther studied [34]. Fermentation is a possibility that can reduce processing time to generate
products that have greater economic value, particularly high-value platform molecules.

Food Waste as Feedstock for Biofuels and Biochemicals

Food waste fermentation has been explored as a promising route to obtain valuable
bioproducts such as organic acids, alcohols, hydrogen, and biopolymers. Since FW is rich
in nutrients embedded in complex macromolecules, a pretreatment step such as hydrolysis
is generally required to increase nutrient bioavailability [35]. Hydrolysis can be performed
using thermal, chemical, enzymatic, or a combination of these methods [36,37].

Thermal hydrolysis can enhance processes like anaerobic digestion, exemplified by the
Billund Biorefinery, which increased biogas production by 50% via high-pressure thermal
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pretreatment [38,39]. Chemical methods use acids, bases, or solvents [40]. However,
enzymatic hydrolysis is more selective, converting polysaccharides (starch and cellulose)
into sugars using enzymes such as amylases and cellulases. Moreover, proteases can also
be used to release peptides and amino acids [35,41]. Combining thermo-chemical and
enzymatic steps is also a viable strategy. Trade-offs exist: the harsher conditions of thermo-
chemical approaches may degrade target molecules or create inhibitors, in addition to
generating chemical residue, while the use of enzymes may increase costs unless there are
alternative solutions like production in situ [36,40,42,43].

In the hydrolysis stage, value-added compounds such as amino acids, fatty acids,
sugars, carotenoids, and phenolic acids may be recovered as products [44,45]. However, to
maximize the revenue of the biorefinery, hydrolysates are often directed to fermentation
processes capable of producing more complex and valuable products. The composition
of the hydrolysate becomes critical at this stage. Some high-value bioproducts require
microorganisms with complex nutritional needs, such as production of specialty alcohols.
For example, there is 1,3-propanediol and butanol, which can depend on media with
specific amino acids, vitamins, or cofactors not always bioavailable in untreated FW [46,47].
For these cases, the hydrolysis step must be tailored or supplemented to ensure sufficient
availability of required nutrients. In contrast, native strains such as Clostridium spp. and
Lactobacillus spp., as well as more robust strains such as Saccharomyces cerevisiae, can thrive
in nutrient-variable, less-treated environments [48–50].

Fermentation itself is a highly versatile process, supported by a wide array of microor-
ganisms capable of converting biomass into target compounds, but additional challenges in
FW fermentation include variable yields, low titers that hinder downstream separation, and
high operational costs [37]. Downstream processing, in particular, is frequently the most
limiting and expensive phase. Even when fermentation is successful, purifying the target
compound from complex media may account for a substantial portion of total costs [43].
Thus, it is crucial to choose fermentation pathways that yield products with sufficient value
to justify separation.

Co-substrate supplementation is a strategy used to improve fermentation performance
and diversify product profiles. Among the options for FW fermentation, crude glycerol
has gained attention as a cost-effective and reduced carbon source that enhances microbial
redox balance. In Lactobacillus spp., glycerol supplementation can lead not only to increased
lactic acid yields but also to the formation of higher-value compounds, depending on the
strain and fermentation conditions [46]. This expands the role of food-waste-associated
bacteria from acidifiers to producers of higher-value chemicals, broadening their potential
in bioprocessing.

The biotechnological valorization of FW can yield a wide range of biofuels and bio-
chemicals, many of which have growing market relevance and environmental value. The
search for higher value products, satisfactory cost–benefit, and increasingly greener pro-
cesses is continuous [51]. The design of fermentation systems for food waste valorization
must consider not only the choice of microorganism, but also the compatibility between
the pretreatment method and the type of product desired. While robust strains can gener-
ate simpler compounds from minimally treated substrates, more complex or high-value
products often require tailored hydrolysates and controlled conditions. In the following
sections, we explore how the nature of target bioproducts affects the level of pretreatment
required and the overall biorefinery strategy of existing literature (Table 2) and extrapolate
possibilities of novelty pathways.
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Table 2. Different products obtained from Food Waste (FW) fermentation.

Product Process Yield Efficiency Payback Reference

Lactic acid

Fungal hydrolysis + fermentation
with Lactobacillus casei

0.27 g/g
FW 84% 5.1

(year) [52,53]

Simultaneous saccharification and
bioconversion by Lactobacillus

manihotivorans LMG18011

0.10 g/g
FW - - [54]

Enzymatic hydrolysis + fermentation
with Streptococcus sp.

0.33 g/g
FW - - [54]

Acidogenic fermentation of sterilized
Food Waste slurry inoculated with

fresh Food Waste

0.46 g/g
FW - - [55]

Ethanol

Enzymatic hydrolysis + fermentation
with Saccharomyces cerevisiae

0.43 g/g
dryFW - - [56]

Simultaneous Saccharification and
Fermentation (SSF) with ethanol

vacuum recuperation

0.36 g/g
dryFW 93.6% - [57]

Fermentation with Thermoanaerobacter
mathranii. Process One-pot CRUDE

0.17 g/g
dryFW 94.0% - [58]

Acidic hydrolisys (H2SO4 1.5%),
+fermentation with S. cerevisae

0.20 g/g
dryFW 76.3% - [50]

Hydrogen

Lactate-driven hydrogen-producing
pathway with Clostridium and

Lactobacillus consortia

76.7 g/g
VS - - [59]

Fermentation with mixed culture
pretreated with waste frying oil

71.34 g/g
VS - - [60]

Polyhydroxyalanoates

Acidogenic digestion + fermentation
with mixed microbial cultures

0.22 g/g
VS - - [33]

Acidogenic digestion + fermentation
with mixed microbial cultures

0.08 g/g
VS - - [61]

Acidogenic digestion + fermentation
with mixed microbial cultures

0.52 g/g
VS - ~2

(year) [62]

3.1. Resilient Fermentations: Bioproducts from Simplified Streams

As stated, certain fermentation processes can be carried out using a more straight-
forward pretreatment of food waste. Those processes, such as ethanol, hydrogen, and
lactic acid production, rely on robust or mixed microbial cultures that do not need sup-
plementation when compared to other nutritionally demanding cultures. These routes
should offer more accessible and cost-effective options for decentralized or early-stage
biorefinery systems.

Ethanol is the most widely used biofuel in the world. The International Energy
Agency [63] estimated that ethanol production reached 187 billion liters in 2024 and is
expected to reach 280 billion liters in 2030. Ethanol production is achieved mainly with
robust yeasts such as S. cerevisiae, which biosynthesize fermentable sugars into ethanol via
the glycolytic pathway. This bioprocess is highly tolerant to variability of fermentation
conditions (temperature, pH, and osmotic pressure) and also related to nutrient availability
present in diverse substrates such as sugarcane juice, molasses, corn, and food waste [50,64].
In this scenario, a noteworthy parameter is the C/N (carbon-to-nitrogen) ratio, as it influ-
ences both yeast growth and ethanol yield. Higher C/N ratios are often optimal, ensuring
sufficient nitrogen for biomass formation while avoiding overproliferation that can divert
metabolic flux away from ethanol synthesis. Too little nitrogen hinders yeast growth and
reduces ethanol production, but excess nitrogen can inhibit ethanol production not by
direct toxicity, but by stimulating excessive biomass formation and repressing fermentative
metabolism [65,66].
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Sugar availability remains the central focus in ethanol fermentation design, as it
directly drives productivity. The main producers of this biofuel are Brazil and the USA,
which use carbohydrate-rich sugarcane and corn, respectively, as the main biomass in their
processes. Despite the high productivity, using these biomasses has negative aspects, such
as a possible competition over land use for food and energy. In addition, using food crops,
such as corn, generates concerns about rising prices, which can lead to food insecurity [67].
The use of waste, such as FW, is an alternative to the production of biofuels.

The main carbohydrate in FW is starch, which becomes the focus of hydrolysis before
fermentation. This polysaccharide is formed by two biopolymers: amylose and amy-
lopectin, both with glucose as the forming monomer [68] Despite being practically an
amorphous solid, some fractions of amylopectin may present a certain degree of crys-
tallinity, which can hinder hydrolysis [69]. In Table 2, we show different studies that carried
out the production of ethanol from food waste, using different routes. It was possible
to observe a yield of 0.43 g of ethanol. g/dry FW, with hydrolysis and fermentation in
separate processes [56]. The use of SSF (simultaneous saccharification and fermentation)
processes has also been studied for the production of ethanol from FW. Ethanol removal by
vacuum pressure evaporation was used, increasing the yield from 0.33 to 0.36 g/g [57].

Chemical hydrolysis can also be used. As an amorphous solid, starch is more suscepti-
ble to chemical attack than cellulose, for example. The yields, however, are still lower than
those from the enzymatic process. A yield of 0.20 g/g with fermentation with S. cerevisiae
after acid hydrolysis with H2SO4 (1.5% v/v), 15% solids (w/v), 127 ◦C for 1 h was re-
ported by [50]. Although yeasts, such as S. cerevisiae, are the most common fermentative
microorganisms, the literature deals with fermentations with bacteria. A one-pot CRUDE
(Conversion on Raw and Untreated Disposal into Ethanol) process was used for FW fermen-
tation, without prior hydrolysis, using thermophilic bacteria (Thermoanaerobacter mathranii
A3). After 13 days of fermentation, with 5% solids, 65 ◦C, and pH 6.8, a yield of 0.17 g/g
was obtained [58]. Enzymatic hydrolysis has high efficiency and greater selectivity, but it is
the costliest step in the ethanol production phase [70]. To reduce costs, some authors pro-
pose the use of genetically modified fungi and yeasts for the on-site production of enzymes,
with subsequent fermentation by the same microorganism, a process called Consolidated
Bioprocessing [71].

Meanwhile, hydrogen fermentation via dark fermentation routes may combine with
simpler pretreatment protocols. Food waste’s high content of degradable organic matter
makes it ideal for hydrogenogenic microbial consortia, which tend to include native strains
such as Clostridium spp. The use of hydrogen as a clean and carbon-neutral energy carrier is
gaining renewed attention, particularly in the context of global decarbonization efforts. Its
combustion produces only water, without emitting CO2, making it a compelling alternative
to fossil-based fuels. Currently, mainstream production methods include steam methane
reforming, water electrolysis, and hydrocarbon reforming. However, these approaches are
either energy-intensive or heavily reliant on fossil inputs, limiting their sustainability [72].
In contrast, dark fermentation from biomass stands out as a biologically feasible and envi-
ronmentally friendly option for hydrogen production [73]. Unlike conventional anaerobic
digestion, which prioritizes methane production and often suppresses hydrogen-producing
pathways, dark fermentation specifically targets the microbial conversion of biomass into
hydrogen via hydrogenogenic bacteria [74].

Despite the use of mixed microbial communities and their compatibility with organic-
rich substrates, dark fermentation faces critical metabolic bottlenecks that can limit yield.
The actual yield often falls short of the theoretical maximum (4 mol H2/mol glucose), due to
competing microbial pathways that divert carbon and electrons toward other products like
acetate and butyrate [75]. Moreover, hydrogen-consuming microbes such as methanogens



Recycling 2025, 10, 188 10 of 22

can significantly reduce net yields unless selectively inhibited. Strategies to overcome
these limitations include substrate conditioning, inoculum pretreatment, and use of ge-
netically enriched consortia [76]. Also, emerging process intensification techniques, such
as membrane-integrated reactors, continuously remove H2 and VFAs, stabilize acids, and
reduce cell washout.

Key factors influencing hydrogen yields produced from food waste include the in-
oculum source, substrate-to-inoculum ratio, and pretreatment strategy, as can be seen
in Table 2. Ref. [59] proposed a bioaugmentation strategy based on a lactate-driven
hydrogen-producing pathway. Using a microbial consortium composed of Clostridium and
Lactobacillus strains, they achieved a yield of 76.7 mL H2/gVS from non-sterile food waste.
In this setup, Clostridium butyricum was the primary contributor to hydrogen production,
and the natural presence of Enterobacter species was associated with lower yields. To
avoid reliance on pure cultures, other strategies are being developed to selectively enrich
hydrogenogenic bacteria from mixed inocula such as anaerobic digestion sludge. One
such approach demonstrated that using waste frying oil as a selective stressor inhibited
methanogens and enhanced hydrogen production, reaching 71.34 mL H2/gVS, indicating
its potential as a cost-effective possibility [60].

The main barriers to broader application include high capital costs, intensive energy
demands and costly chemical inputs. To be viable, the energy gains from hydrogen
production must outweigh pretreatment energy losses. For this, two-stage anaerobic reactor
systems (with the second stage favoring methanogenesis), can help improve overall energy
recovery and process balance. Ref. [74] demonstrated through an environmental impact
study that this kind of process significantly reduces Global Warming Potential compared
to established methods like conventional anaerobic digestion and incineration. The use
of electricity and sulfuric acid, however, remained critical contributors to environmental
burdens, emphasizing the need for process optimization. Coupling dark fermentation with
other waste valorization strategies, such as photofermentation or integration into existing
anaerobic digestion facilities, could increase total hydrogen and energy yields, contribute
to better effluent quality, reduce environmental impacts, and improve economic viability
through a multi-stage treatment approach. All of this aligns with circular biorefinery goals.

Another opportunity to explore is the native acidogenic bacteria found in FW, such as
Lactobacillus spp. The lactic acid (LA) market reached 1.7 million tons globally in 2023 and
is expected to grow at 10% annually, driven by its versatility. It is emerging as an alternative
sustainable practice, since it is the precursor of polylactic acid, a biodegradable polymer [77].
Most LA production is attributed to fermentation rather than chemical synthesis. This
fermentation is usually performed with species of Lactic Acid Bacteria (LAB). LAB are a
metabolically diverse group known for their adaptability across environments [78] that
produce LA as a result of the glycolytic pathway.

To simplify the process, large-scale LA production commonly uses first-generation
biomass like food-grade sugars due to their purity and ease of processing. On the other
hand, the use of a different biomass like FW is more sustainable and has the potential to
reduce cost [79,80]. In the context of mixed FW feedstock, associated with different strains
of bacteria that include engineered microorganisms, LA was obtained in different studies
with titers of 28–157 g/L and yield of 0.1–0.46 g/g on a laboratory scale [52–55]. Those
ranges are influenced by waste variability, strain metabolism and process parameters such
as pretreatment and process flow, as can be seen in Table 2.

It should be noted that downstream recovery of LA is a critical bottleneck, often
representing up to 50% of total production costs [8]. There are options to improve profit,
such as using lactic acid for intermediate to higher-value products such as bioplastic. In
these cases, while LA production is compatible with food waste-based fermentations,
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especially when using robust strains, certain high-purity applications may require more
precise control of nutrient levels and substrate composition. Here, the line between resilient
and tailored fermentations begins to blur. These more demanding setups, including those
aimed at polymer-grade LA or use in biomedical materials, are addressed in Section 3.2,
where essential specific media formulations and tightly regulated fermentation conditions
are discussed.

Still, techno-economic assessments suggest that food waste–based production solely
from lactic acid can be financially viable. Scalability simulation of a process from raw
material to purification using filtration and solvent extraction shows that a biorefinery of
FW with LA as product has a payback period of only five years and annual net profits of
approximately US$20 million [53]. The production of LA from FW is a promising route
within biorefineries due to its wide market applicability and alignment with sustainability
goals. The development of robust microbial consortia, improved pretreatment strategies,
and cost-effective purification techniques will be key to its broader implementation at an
industrial scale.

These examples illustrate the viability of producing key bioproducts from food waste
under conditions of moderate or minimal pretreatment. Their compatibility with robust
microbial systems and scalable designs makes them strong candidates for integration into
sustainable and flexible biorefinery models.

3.2. Tailored Fermentations: Unlocking Complex Products

While robust or mixed microbial strains can convert minimally treated food waste into
simpler bioproducts, more complex and high-value compounds often require a tailored
fermentation approach. These processes typically rely on microorganisms with specific
metabolic requirements that only thrive under controlled nutritional and environmental
conditions. In such cases, hydrolysates focused on sugar bioavailability may be insufficient;
instead, a more refined pretreatment or the addition of supplements such as nitrogen
sources, amino acids, vitamins, or reduced carbon sources becomes essential.

Bioplastics are a key example of this category. By definition, they are polymers
manufactured from biomass, either by direct extraction or by biomass fermentation [81].
Among them, biopolymers such as polyhydroxyalkanoate (PHA) can be produced by
microorganisms. PHAs are intracellular carbon storage polymers synthesized by various
bacteria like Pseudomonas spp. when exposed to certain types of stress. Excess carbon
coupled with nutrient limitation (like nitrogen or phosphorus) redirects cellular carbon flux
from biomass formation into polymer storage [82]. These dynamics underscore the need
for tailored feed compositions (carbon source level and C/N or C/P ratio) to maximize
PHA yields.

PHA production from FW has attracted growing interest, as can be seen in Table 2,
due to its biodegradability, renewable origin, and mechanical properties comparable
to petroleum-based plastics. Since food waste contains carbohydrates, lipids, proteins,
and micronutrients, it presents itself as a viable substrate for PHA-producing fermen-
tations [83]. However, its inherent variability often necessitates process adaptation or
co-feeding strategies.

For instance, ref. [33] produced PHA on a pilot scale (100 L) using fresh OFMSW and
mixed microbial cultures, achieving 33.2 g PHA/kg of OFMSW. With PHA market values
ranging from $2600 to $5800 per ton, this process demonstrated clear economic potential.
Ref. [62] proposed an integrated approach of PHA production in an OFMSW biorefinery
that also produces biogas via anaerobic digestion. The use of mixed microbial cultures
instead of sterile conditions was asserted to enable an upgrade of an existing conventional
single-stage anaerobic digestion process to include PHA production which would have
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a payback time of less than two years if the PHA were sold at the minimum value of
0.90 €/kg.

Ref. [61] structured and operated for 6 months an urban biorefinery technology chain
on a pilot scale with a TRL 5 using multifeedstock (OFMSW and biological sludge from
wastewater treatment) to produce biogas and PHA from mixed microbial culture. They
obtained a yield of 76 g PHA/kg of volatile solids, and the biorefinery showed a higher
revenue than only with biogas production, given the appropriate restrictions of the study.
Besides that, they also conducted a social acceptance survey to understand the acceptability
of materials coming from heterogeneous organic waste, since not much is known about
consumer acceptance of bio-based products. They found that the development of quality
standards is a prerequisite to increase the confidence of market operators, social acceptance
and to fill regulatory gaps based on adequate standards, especially when it came to products
made of plastic that had more direct contact with people or food.

The valorization of FW into bioplastics aligns with circular economy principles. And
also, it addresses growing concerns over plastic pollution. However, successful implementa-
tion at scale will depend on further optimization of production chains, development of qual-
ity standards, and consumer education to ensure acceptance of waste-derived materials.

Beyond polymers, there are novel examples of tailored fermentation of FW that have
not yet been extensively explored. These involve the production of platform chemicals
such as specialty alcohols, like 1,3-propanediol (1,3-PDO) and butanol, or different organic
acids such as succinic and propionic acid [46,47,84]. Among those, 1,3-PDO production
stands out as a match for the heterogeneous characteristics of kitchen food waste, and we
will delve deeper into the tailored necessities of this fermentation.

Bioproduction for commercialization of 1,3-PDO has been carried out mainly using
corn glucose, with a genetically modified strain of Escherichia coli. However, there are bac-
teria that naturally produce 1,3-PDO from glycerol supplementation, such as Klebsiella spp.,
Clostridium spp. and Lactobacillus spp. [85]. Lentilactobacillus diolivorans is a strain that has
shown promising yields when fermenting agro-industrial residues and food waste. Their
metabolism is highly demanding, requiring a carbon source, glycerol supplementation and
elevated levels of available nitrogen and cofactors such as vitamin B12 [46,86,87]. Food
waste, being naturally rich in proteins and micronutrients, offers a promising base substrate,
but careful process design of pretreatment is needed to optimize the use of the nutrients
available and avoid expensive supplementation.

As with other complex bioproducts, 1,3-PDO production from FW faces challenges
in scalability, especially in terms of downstream recovery and purification, which impact
overall process economics. But expanding to multi-product biorefineries that include
compounds like 1,3-PDO could unlock greater economic resilience if pretreatment, media
optimization, and recovery bottlenecks could be addressed.

In addition to the production of entirely new compounds, tailored fermentation strate-
gies can also enhance the quality and market relevance of more conventional bioproducts.
For instance, while lactic acid can be produced in robust systems, the generation of high-
purity or polymer-grade lactic acid especially for applications in food packaging or medical
materials often requires refined substrates, tight pH control, and supplementation with
nutrients or cofactors to meet microbial demands [8,55,88].

In sum, tailored fermentation strategies enable the transformation of food waste
into high-value compounds. While these processes demand greater control over media
composition and microbial physiology, often involving engineered or selectively enriched
strains, they offer a powerful route to diversify biorefinery outputs and improve economic
feasibility when integrated with simpler, more robust pathways.
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4. Then, Are Integrated Food Waste Biorefineries Viable?
Many studies have shown the benefits and products of bioprocesses using food waste

in an isolated way. Increasingly, the need to really integrate them in a holistic approach is
being addressed [35,84]. This comes from the need to reach zero waste targets, working
towards a truly circular bioeconomy where every part of waste reenters the value chain.
This approach seeks to offer higher technical-economic appeal to the sustainable use of
residues as raw material, proposing an alternative to a fossil fuel-based economy. The
environmental benefits of a greener economy also come into play, in reducing greenhouse
gas emissions, conserving natural resources, and mitigating pollution (Figure 3).

Figure 3. Benefits of greener treatments for the Organic Fraction of Municipal Solid Waste.

However, ref. [84] suggests that the lack of studies that report the numbers of techno-
economic viability and environmental impact of bioprocesses with low TRL is a challenge
towards this integrated approach. Further studies that will allow higher technological
maturity for these processes are very necessary, as well as studies that show economic
feasibility on a large scale. The majority of studies focus mainly on anaerobic digestion
as an immediate alternative to FW management, due to its high TRL and feasibility at
small and large scale. However, as shown in this review, other processes like well-designed
fermentations have a high probability of return due to production of value-added composts,
and should be integrated in FW biorefineries proposals (Figure 4).

For example, in the study carried out by [7], a food waste biorefinery pilot plant
was designed and studied. Using an integrated approach, they developed as the main
sustainable options for FW treatment the production of biodiesel, biogas and organic com-
post, which already showed significant annual savings compared to disposal in a landfill.
Nonetheless, the developers reported that the possibility of including the production of
value-added chemicals in the integrated approach could increase the plant revenue.

The URBIOFIN biorefinery in Spain was an example of a multi-output system treating
OFMSW. The URBIOFIN project (2017–2022), funded under the EU Horizon 2020 program,
aimed to demonstrate the techno-economic and environmental viability of converting
waste into valuable bioproducts through an integrated urban biorefinery [89]. While the
model helped clarify what is technically feasible in lab, both on a pilot and semi-industrial
scale, to achieve competitive bioethanol, PHA, bioethylene, and solid and liquid fertilizer
prices, the process also exposed existing gaps. Achieving results on a full industrial scale is
still a challenge, and advancement in the field will only come alongside strong legislation
and a shift in the global market towards searching for a greener production.
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To encourage decision-making and public policies, it is necessary to evaluate the gains
of these alternative treatments. Methodologies like Techno-Economic Assessment (TEA)
and Life Cycle Assessment (LCA) help test the viability of proposed models.

 
Figure 4. Proposal for integrated urban food waste biorefineries.

4.1. Techno-Economic Assessment

TEA is a structured methodology used to evaluate the technical performance and eco-
nomic viability of processes, technologies, and full-scale production systems. In biorefinery
contexts, TEA plays a role in identifying whether a process can be scaled beyond the lab or
pilot stage while maintaining financial sustainability. In the context of food waste valoriza-
tion, a TEA must account not only for capital and operating costs, but also for variables like
feedstock variability, preprocessing needs, process integration, and downstream product
recovery [53,62,90]. The boundaries of the cited TEA studies, in a general approach, follow
the process flow. Starting at raw food waste arrival in the biorefinery plant and going
until product recovery in the downstream flow. The studies also include pretreatment,
bioprocess units as applicable, the utilities used in the plant, and revenue generated from
the sales of products and food waste treatment service fee. Then, it is possible to assert the
profitability of the designed plant, as well as the payback time.

But there are not a lot of economic analysis studies conducted on FW biorefineries with
a more complex setup, since further development of TRL is necessary [91]. When talking
about single processes or simpler multi-processes, anaerobic digestion appears strongly in
the spotlight. Other single processes have a sparse literature that address techno-economic
assessments with direct use of urban food waste. Ethanol production appears as an option
with promising studies that show competitive costs [92]. When comparing the existing
data, it appears that some factors that influence economic success are the market value of
the product, scale of the biorefinery, and methods chosen. That is to say, the biorefinery
products must be chosen carefully, and higher-value products can tip the scales towards
profit [91].

Given this, optimal energy use can be better achieved with an integrated approach
rather than a single process, and producing chemicals can be 10 times more profitable than
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using FW only for electricity or biofuel generation. Integrating production of higher-value
products to existing sites tends to increase economic profitability, such as adding lactic
acid or PHA production to an existing biodigestion plant [62] or integrating it with biofuel
production [90]. Moreover, the most promising biorefinery approach can be to utilize
diverse feedstocks, including agro-industrial waste and sewage, while generating multiple
products [6].

Additionally, given that some processes will only have payback once a minimum
volume is produced monthly, the waste required must be generated in sufficient quantities
close to the biorefinery, considering the expense of transporting feedstock. Economies of
scale significantly influence profitability of biorefineries, as larger centralized plants tend
to yield better financial metrics. But then, they also increase logistical challenges [93].

4.2. Life Cycle Assessment

LCA has gained prominence as a tool capable of providing a quantitative analysis of
potential environmental impacts. According to [94], the strength of LCA is that it enables a
broad, consistent and transparent view of process flows in waste management systems. The
four main objectives of LCA studies aimed at evaluating biorefineries from food waste are
(a) Compare performance between technologies to achieve a specific product, (b) Compare
technologies for the use of a specific waste, (c) Evaluate a technological pathway and its
respective critical points, and (d) Assess the impacts on the manufacturing of the main
product, with waste treatment included in the analysis boundaries [95].

The functional unit and boundaries of the system analyzed in the LCA depend on the
type of study conducted. Studies in category ‘a’, for example, use the quantity produced
of the specific product under analysis as the functional unit. In this case, the boundaries
are usually limited to the valorization process and employ the ‘zero-burden assumption’,
i.e., the environmental impact of producing the material that originated the waste is not
considered. In category ‘b’ studies, on the other hand, credits for the substitution of
primary materials avoided by waste processing are generally included [95]. According
to [96], 65% of biorefinery studies that used residual feedstock employed the cradle-to-gate
approach, i.e., the scope includes everything from waste generation to the production of
the biorefinery’s final products. Among the impact categories assessed in LCA studies of
biorefineries, the most common is global warming potential (GWP), which is present in
97% of the studies [96].

Most of the published works regarding food residue focus mainly on homogeneous
residues, originating from agricultural and industrial processes. Among those that use
OFMSW, which includes FW, there is a tendency for more positive results for the production
of chemical products to the detriment of energy generation [97]. In the study by [98],
regarding the climate change category, the generation of biomethane combined with the
production of microbial protein obtained superior results to cogeneration from biogas.
Another interesting scenario was the production of biomethane linked to the production of
lactic acid.

A similar conclusion was reached by [99]: the scenario evaluated with biodiesel and
biomethane production was the one with the best environmental performance, 84% higher
than the reference scenario, with only electricity production from biogas generated in an
anaerobic digester. The production of ethanol from FW did not prove to be advantageous,
mainly due to the saccharification and distillation processes. Table 3 presents some studies
that compare technologies for food waste processing.
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Table 3. Results from Life Cycle Assessment studies on alternative treatments to Food Waste.

Product Technology GWP (kgCO2eq) Credits
(Substitutions) Country Reference

Biodiesel Transesterification −90 Diesel China [99]
Bioethanol Fermentation 25 Gasoline China [99]

Biomethane Anaerobic digestion + water scrubbing −134 Natural gas China [99]
Compost Composting windrows 35–40 Mineral fertilisers China [99]

Succini cacid Enzymatic hydrolysis, bacterial
fermentation, upgrading 300 - Sweden [100]

Biogas Anaerobic digestion 22 - Sweden [100]

Succinic acid +
cogeneration

Fermentation
Anaerobic digestion −73

Electricity
Mineral fertilisers

Succinic acid
Denmark [95]

Lactic acid +
cogeneration

Fermentation
Anaerobic digestion −173.1

Electricity
Mineral fertilisers

Lactic acid
Denmark [95]

GWP—Global Warming Potential.

Since energy and material consumption directly affect processes, they can limit the
environmental benefits obtained by replacing fossil-based chemicals with bioproducts [101].
For example, when using acetone in the pre-treatment of FW, ref. [102] were unable to
offset the environmental impact related to the production of this input with the use of the
ethanol generated. Therefore, it is essential that future studies seek to increase efficiency
when using chemicals and enzymes in biorefineries and aim to make these plants energy
independent, generating electricity on site and using residual heat.

Finally, segregation and optimization of waste collection and transportation before
arrival at the biorefinery must be emphasized. The energy consumed to carry out manual
or mechanical separation of waste can compromise the environmental sustainability of the
system, which highlights the importance of correct separation at the generating source.
Furthermore, emissions related to fossil fuels consumed in transport vehicles can also have a
significant impact, especially in developing countries, where trucks and road infrastructure
are precarious, so alternatives that decentralize waste treatment should be considered.

5. Conclusions and Future Directions
Taken together, the challenges and opportunities outlined in this review point toward a

common thread: Food waste represents one of the most abundant and underutilized organic
resources globally. It can be used as feedstock for the production of diverse materials, but
attention must be given to emerging bioprocesses that, while still at low TRLs, show strong
potential for high-value integration. Organic acids, hydrogen, alcohols, and biopolymers
each offer unique technical pathways and market opportunities, and there are still novel
pathways in food waste fermentation to be explored.

These processes must mature enough to allow more robust evaluation of their eco-
nomic and environmental impacts. Challenges such as substrate heterogeneity, process
optimization, downstream recovery, and microbial performance still limit large-scale im-
plementation. Their success depends on efforts to simplify and minimize chemical inputs,
reduce costs, and ensure compatibility with real-world feedstocks, which can be optimized
in integrated approaches. As waste streams vary by region and season, multifeedstock
strategies may become essential to designing flexible and resilient systems.

Also, for food waste biorefineries to function effectively, feedstock logistics must be
clearly defined. Collection, transport, and separation require not only infrastructure but
also coordination across municipal systems, particularly when dealing with heterogeneous
and decentralized waste streams. A robust MSW management plan becomes the backbone
of any scalable biorefinery. The success of such systems depends on effective public policies,
infrastructure investments, and social engagement. Countries with well-defined regulations
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and citizen participation like South Korea and EU members have demonstrated significant
progress, while developing nations face systemic barriers that require targeted support.

Ultimately, food waste is not just a burden to manage; it is a material full of untapped
value. To unlock this value, the field must move beyond isolated optimizations and toward
integrated solutions. Needed, besides innovation in the lab is alignment across policy,
logistics, and investment. Food waste is waiting for the right lens to bring it to focus and
resources to sharpen the view.
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