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Abstract

Food waste (FW) is a major global challenge with significant economic and environmental
costs, yet its nutrient-rich composition also offers an opportunity for valorization into high-
value biochemicals and biofuels within a circular bioeconomy. Effective FW management
requires systematic frameworks that balance environmental performance, economic returns,
and social acceptance, a challenge that is particularly difficult in developing countries where
technical, financial, and participation barriers persist. This review proposes a strategic, step-
by-step approach to enhance current FW management through the objective integration
of biorefinery pathways producing biochemicals and biofuels products. Both biochemical
and thermochemical conversion routes are evaluated against industrial yield benchmarks,
market value, and end-use specifications to identify the products and processes most
capable of enhancing sustainability. The review further presents a framework for multi-
objective optimization (MOO) that simultaneously addresses economic, environmental,
and social objectives, and for incorporating decision-maker preferences into the selection
of optimum solutions. By coupling sustainability assessment with structured decision
support, this review provides practical guidance for selecting FW management strategies
that are economically viable, environmentally sound, and socially acceptable.

Keywords: food waste; food waste management; sustainability assessment; circular
bioeconomy; decision making

1. Introduction
As the global population is projected to reach 9.6 billion by 2050, ensuring food se-

curity within the constraints of available resources is expected to become increasingly
challenging [1]. The majority of food consumed is either lost or wasted at various stages of
its supply chain, including primary production, manufacturing, distribution and consump-
tion by the end user [2]. Globally, an estimated 1.05 billion tonnes of food are discarded
annually [3]. The substantial amount of FW globally leads to significant economic, envi-
ronmental, and biodiversity challenges [4,5]. It is estimated that globally FW causes an
economic loss of $990 billion and results in 4.4 gigatons of CO2-eq emissions [6]. In the
European Union, 88 million tons of food are wasted annually, generating 170 million tons

Appl. Sci. 2026, 16, 5349 https://doi.org/10.3390/app16115349

https://crossmark.crossref.org/dialog?doi=10.3390/app16115349&domain=pdf&date_stamp=2026-05-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6791-1421
https://doi.org/10.3390/app16115349


Appl. Sci. 2026, 16, 5349 2 of 32

of CO2-eq emissions [7]. In the UK, approximately 43 million tonnes of food are purchased
annually, primarily for household consumption, yet nearly one-quarter is wasted across
the supply chain. Of this, 71% of post-farm gate waste is edible (around 6.4 million tonnes),
resulting in an estimated economic loss exceeding £21.8 billion and generating at least
18 million tonnes of greenhouse gas (GHG) emissions each year [8].

These issues have led to the implementation of policies such as the UN’s SDG 12.3,
aiming for a 50% reduction in FW by 2030 [9]. The circular bioeconomy is expected to
reduce EU GHG emissions by 55% by 2030, with potential savings of 3.5 million tonnes of
CO2-eq [10]. The UK government has set a target to reduce FW by 50% by 2030 and achieve
65% waste recycling by 2035, contributing to the broader goal of net zero by 2050 [11,12].
To address the growing FW issue, international policies have focused on reducing landfill
disposal. The European Union’s Landfill Directive mandates the reduction of organic waste
sent to landfills [13], and the UK aims to eliminate biodegradable waste from landfills by
2028, with separate FW collections starting in 2025 [14]. In fact, around 90% of FW can
be recycled into valuable products, helping to create economic opportunities and reduce
environmental impact [15].

Given its rich nutrient content, including carbohydrates, proteins, and fats [16], FW is
an ideal feedstock for biorefinery processes, capable of producing valuable and sustainable
products [15,17]. This approach contributes to a circular bioeconomy, maximizing the
potential of FW and supporting eco-friendly innovations [18]. Recent studies of techno-
economic analysis (TEA) and life cycle assessment (LCA) reveal that FW valorization offers
significant economic and environmental benefits. Hafyan, et al. [19] reported that integrated
biorefineries utilizing bread waste (BW) for bioethanol and succinic acid production achieve
high economic performance (internal rate return (IRR) 33%, net present value (NPV) 163 M$,
and 2.2 year payback period (PBP)) alongside net-negative carbon emission (−0.344 kgCO2-
eq/kg BW). Rajendran and Han [20] revealed that poly(butylene succinate) (PBS) from
FW was economically feasible (NPV 58.88 M$, IRR 16.48%, and PBP 6.33 years) and
environmentally favorable, with GHG emissions of 5.19 kg CO2-eq/kg PBS, lower than
conventional PBS production. Li, et al. [21] evaluated an integrated system for producing
volatile fatty acids (VFA) from FW, resulting in a production cost of 3.12 $/kg VFA and
net-negative GHG emissions of −0.4 kg CO2-req/kg VFA.

While the previous TEA and LCA studies demonstrate that FW valorization can provide
significant economic and environmental benefits through production of marketable products.
These benefits can be further enhanced by integrating current FW management routes with
biorefinery systems that co-produce biochemicals, biofuels, and energy, thereby improving
economic, environmental and social sustainability. Several reviews have approached different
aspects of this integration. Santagata, et al. [22] reviewed FW conversion within a circular
economy framework, highlighting the need for policy and technological support to enable
large-scale implementation. Using LCA and energy analysis, the study assessed the envi-
ronmental performance of FW treatment pathways in the EU and developed a classified
database of conversion systems. The results indicate that biological and mixed-waste conver-
sion routes offer advantages in terms of reduced environmental impacts, improved resource
efficiency, economic value, and job creation. Lenka, et al. [23] review showed that conven-
tional FW management methods such as landfilling and incineration are still widely used
despite causing significant environmental impacts. While standalone conversion technologies
(e.g., anaerobic digestion (AD), pyrolysis, gasification, and fermentation) can recover energy
and materials, they often suffer from limited efficiency and scalability; therefore, integrated
valorization systems are recommended to improve resource recovery and enable the pro-
duction of high-value products such as biofuels and hydrogen-rich syngas within a circular
bioeconomy framework. Arvelli, et al. [24] compared FW valorization of thermochemical,
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biological, and green-extraction routes, finding that high-value platform chemicals (organic
acids, phenolics) offer greater economic potential than biofuels, and proposed AI/ML/IoT
integration to address scale-up and efficiency limitations of smart biorefineries. Collectively,
these reviews demonstrate that FW valorization into high-value, marketable products rep-
resents a promising route to enhance sustainability, and that integrating valorization with
conventional FW management can further amplify these benefits. Hafyan, et al. [25] reviewed
bread waste valorization pathways for producing biofuels and platform chemicals, assess-
ing their performance across economic, environmental, and social dimensions. The study
highlights process integration as the key driver of sustainability improvement. In particular,
coupling biochemical conversion with anaerobic digestion, heat recovery steam generator
(HRSG), and carbon capture and utilization enables effective recovery of mass, energy, and
carbon streams. This integrated approach significantly enhances both environmental and
economic performance, supporting the system-level integration concept. However, none of
them has explicitly addressed how such integration can be formalized through mathematical
optimization that simultaneously balances economic, environmental, and social objectives,
nor how decision-making approaches incorporating stakeholders’ preferences can be applied
to identify the most sustainable configuration. To bridge this gap, the present work proposes a
unified framework that couples MOO with multi-criteria decision-making (MCDM), enabling
the integrated FW management–biorefinery system to be designed not only for technical and
economic feasibility but also for environmental performance and social acceptability, thereby
advancing both the methodological and practical foundations of sustainable FW management.

To address these gaps, future research should explore potential products from FW
valorization and how it can be integrated into current FW management practices. This inte-
gration aims to enhance resource efficiency and overall system sustainability by improving
energy and waste use. Adopting such strategies can support economically, environmentally,
and socially responsible decision-making. The insights from this review offer valuable
guidance for policymakers in selecting suitable FW management technologies. The paper
is structured into nine sections. Section 1 introduces the topic and outlines its impor-
tance. Section 2 defines FW, while Section 3 discusses FW generation and composition in
detail. Section 4 explores the potential products derived from current FW management
practices. Section 5 delves into FW valorization, examining the biochemical and ther-
mochemical production. Section 6 proposes an integrated sustainability strategy for FW
biorefineries, focusing on sustainability assessments and strategic approaches. Section 7
addresses the challenges associated with FW valorization, and Section 8 outlines decision-
making approaches for selecting FW management strategies, covering both conventional
FW management and biorefinery technologies. Finally, Section 9 concludes the paper with
a summary of the findings and implications.

2. Food Waste Definition
Food waste is a major global issue with significant environmental, economic, and

social implications, and a clear conceptual framework is essential for its analysis. Although
terminology varies across organizations, the definitions provided by FAO, the European
Commission, and WRAP consistently distinguish food loss from FW based on supply chain
stages. According to the FAO, food loss and waste refer to reductions in the quantity or
quality of food along the supply chain, where food loss occurs during production, post-
harvest handling, and processing, while FW occurs at retail, food service, and consumer
levels [26]. The European Commission defines food loss as the reduction of food quantity
or quality before it reaches consumers, including food that is discarded and does not
re-enter the supply chain, whereas FW refers to food intended for human consumption
that is ultimately not eaten and discarded, either intentionally or unintentionally [27].
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Similarly, WRAP defines food loss as food not harvested or lost during production, while
FW includes both edible and inedible food discarded or sent to disposal routes such
as landfill, incineration, or sewer systems [28]. Despite these differences in wording,
all three frameworks align in distinguishing upstream losses from downstream waste.
Food loss generally occurs at early supply chain stages due to technical, logistical, or
infrastructural constraints, whereas FW is mainly associated with retail, food service, and
consumer behavior [29]. FW can further be classified into avoidable waste (edible food
that could have been consumed) and unavoidable waste (inedible fractions such as bones,
eggshells, and fruit peels generated during preparation) [30].

3. Food Waste Generation and Composition
The latest Food Waste Index Report (2024) by UNEP identifies households as the

leading source of global FW, contributing 60% of the total, followed by the food service
sector at 28% and retail at 12% [3]. Similarly, WRAP [28] reports that UK households
generate 60% of FW, with the remaining contributions from on-farm activities (15%),
manufacturing (13%), hospitality and food service (10%), and retail (2%). Figure 1 illustrates
global per capita household FW in kilograms on an annual basis. These findings highlight
the central role of households in the global FW problem and underscore the importance
of targeted strategies at the consumer level. Household FW is often driven by behavioral
factors, such as poor leftover management and excessive purchasing [31].

Figure 1. FW generation at household level per kg per capita per year, UNEP [3].

The composition of FW varies by factors such as geographical location, culture, eco-
nomic status, population density, and dietary habits [32]. For instance, potatoes are a
common carbohydrate source in northern Europe, while pasta is favored in the Mediter-
ranean, and rice in South and Southeast Asia. Protein sources also differ, with livestock
prevalent in central Europe, fish in the Pacific Rim, and eggs and pulses in parts of India [33].
In Malaysia, rice is the most wasted food, while in Europe and East Asia (e.g., Japan, China,
and South Korea), vegetables and fruits make up the largest portion of waste at 40% and
56%, respectively [32]. Restaurant waste mainly consists of carbohydrates, such as rice,
noodles, and vegetables, along with oil, eggs, meat, and other waste [34]. In the UK house-
holds, typical waste includes meat, fish, dairy, vegetables, fruits, bakery items, meals, and
others, with fresh vegetables and fruits accounting for around 20% of the total, a pattern

https://doi.org/10.3390/app16115349

https://doi.org/10.3390/app16115349


Appl. Sci. 2026, 16, 5349 5 of 32

seen across much of Europe [33,35]. In addition, WRAP [28] identifies the top ten most
wasted foods in UK homes as potatoes, meals, bread, milk, poultry, mixed vegetables,
cakes, pork/ham/bacon, processed potatoes, and salads.

In essence, macronutrients, vital nutrients required in large amounts, are present in
FW and can be broadly categorized into carbohydrates (30–60%), proteins (5–10%), and
lipids (10–40%) on a dry weight basis [36,37]. Table 1 summarizes data from various sources
to illustrate FW composition, offering insights into the types of foods wasted and their
nutritional profiles. The analysis includes mixed FW from kitchens, canteens, households,
and restaurants, as well as specific items like potatoes (raw, sweet, chips, peels), bread and
bakery products, fruits (e.g., papaya, banana, orange), vegetables (e.g., lettuce, spinach),
meat (beef, chicken, pork), and fish. Bakery waste has the highest carbohydrate content
(avg. 53.17%, SD = 13.88), followed by mixed FW (41.87% ± 15.56), while fruits (13.51%)
and vegetables (8.27%) contain much less. As expected, meat and fish have negligible
carbohydrates. Protein is most concentrated in fish (19.29%) and meat (18.33%), with mixed
FW showing moderate levels (16.57% ± 6.91), and fruits (1.53%) and vegetables (2.09%)
having the least. Lipids are most abundant in mixed FW (20.08%) and meat (7.83%), with
notable variability, while fish has moderate levels (2.33%) and fruits (0.99%) and vegetables
(0.42%) the lowest. Overall, FW is predominantly rich in carbohydrates, especially from
bakery waste, mixed FW, potatoes, fruits, and vegetables, while meat and fish contribute
significantly to protein and lipid content [38]. The broad range and high standard deviations
reflect considerable variability in FW composition, which is important for its suitability in
biorefinery processes and FW valorization strategies.

Table 1. Percentage of macronutrients composition contained in FW (wet basis).

Food
Category Samples

Food Composition
Ref.Carbohydrate (%) Protein (%) Lipid (%)

Mean ± SD Min–Max Mean ± SD Min–Max Mean ± SD Min–Max

Mixed FW n = 12 41.87 ± 15.56 16.90–69.51 16.57 ± 6.91 3.40–29.60 20.08 ± 8.42 3.80–33.82 [39–45]
Potato n = 16 26.03 ± 13.12 12.4–64.83 2.65 ± 1.93 1.20–9.46 4.08 ± 7.06 0.05–24.7 [46–50]
Bakery waste n = 10 53.17 ± 13.88 37.42–86.04 10.58 ± 2.90 7.32–15 11.34 ± 13.14 0.40–35.32 [51–55]
Fruits a n = 46 13.51 ± 8.63 3.10–40.12 1.53 ± 1.65 0.20–8.60 0.99 ± 2.25 0.10–14.70 [56–59]
Vegetables a n = 34 8.27 ± 8.28 0.40–34.60 2.09 ± 1.35 0.30–6.40 0.42 ± 0.23 0.10–1.10 [60–62]
Fish n = 19 - - 19.29 ± 1.89 15.61–21.80 2.33 ± 1.79 0.81–8.60 [63–65]
Meat n = 16 2 ± 2.27 0–8 18.33 ± 2.81 14.10–22.20 7.83 ± 6.84 1.10–26.40 [66–68]

Note: a some data taken from the United States Department of Agriculture (USDA).

4. Food Waste Management Practice
The growing issue of FW poses significant sustainability challenges, prompting gov-

ernments worldwide to implement diverse strategies aligned with global objectives such as
the United Nations’ Sustainable Development Goals focusing on reducing waste, promot-
ing recycling, and encouraging sustainable consumption. In the U.S., the Environmental
Protection Agency (EPA) and the USDA aim to halve FW by 2030 through programs that
promote food recovery, sustainable food management, and reduced landfill use [69]. Aus-
tralia’s National Waste Policy supports local governments in collection, recycling, and
public education initiatives [70]. Asia showcases varied approaches: Japan’s Food Waste
Recycling Law mandates recycling targets for food-related industries and mandates large
waste generators to report annual FW data [71]; In Singapore, the National Environment
Agency (NEA) and AgriFood and Veterinary Authority (AVA) run educational campaigns
encouraging better food storage, meal planning, and leftover use [72]; South Korea enforces
a Volume-Based Waste Fee (VBWF) system where households pay based on waste volume
using standardized bags [73]; China’s “zero-waste city” policy promotes recycling and
resource recovery in line with circular economy principles [74]. In Europe, the EU waste
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management framework prioritizes waste handling in descending order: prevention, reuse,
recycling, energy recovery, and disposal [75]. The UK has adopted this hierarchy to manage
surplus food and drink waste, favoring actions like source reduction, use as animal feed,
AD, and composting, while minimizing reliance on incineration and landfilling [76], as
depicted in Figure 2. Source reduction remains the most environmentally beneficial strategy,
yielding the lowest greenhouse gas emissions [77,78].

Figure 2. Current FW management hierarchy.

FW, rich in organic matter, nutrients, and minerals, holds significant potential as a feed-
stock for animal nutrition, offering a sustainable way to reduce FW volume [79]. Several
studies have demonstrated its successful conversion into feed for livestock such as dairy
cattle [80], pigs [81], fish [82], and chickens [83]. Composting is another biological strategy
that supports nutrient recovery and carbon sequestration through the formation of humic
substances [84], reducing fertilizer demand, enhancing crop yields, and diverting organic
waste from landfills [85]. AD offers a versatile solution for FW valorization by producing
biogas and nutrient-rich digestate, suitable for heating, electricity, bio-compressed natural
gas, and biofertilizers [86,87]. Although, less favorable environmentally, incineration and
landfilling also yield by-products with potential value. Waste-to-Energy (WtE) incineration
can reduce waste volume by up to 85%, with over 2000 plants globally [88,89]. These
facilities convert municipal solid waste (MSW) [90], green waste [91], wastewater treat-
ment plant sludge (WWTPs) [92], and industrial waste [93] into electricity and heat [88].
However, incineration may generate air pollutants (e.g., particulate matter, NOx, dioxins,
and heavy metals), requiring advanced flue gas treatment and emission control systems to
comply with stringent environmental regulations [94]. Meanwhile, landfilling, still widely
used, presents environmental concerns including odor, fires, volatile organic compounds
(VOCs), groundwater pollution, and methane emissions [95]. To mitigate these impacts,
modern sanitary landfills employ liners, leachate collection systems and landfill gas capture
technologies [96]. The landfill gas (LFG), composed primarily of methane and carbon
dioxide, can be captured and utilized for energy generation, particularly heat through
cogeneration systems [97].

Table 2 summarizes the product substitutions generated by various FW treatment
technologies, considering both economic and environmental aspects. Among the current
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FW management practices, composting and AD stand out as the most cost-effective options.
This is due to their simpler processes, which result in lower investment costs and higher
revenue. In terms of environmental impact, AD is notable for its low environmental
footprint per ton of FW generated, largely because of the energy recovery from its products.
Similarly, animal feed, composting, and AD also exhibit low GWP, owing to their minimal
chemical, energy consumption and higher credit impact. Conversely, incineration and
landfilling are associated with the highest environmental impacts. Several studies have
further compared the environmental impacts and economic assessments of different FW
management practices, reinforcing these findings. Eriksson, et al. [78] and Vandermeersch,
et al. [98] suggested that FW-based animal feed had low environmental impacts, while AD
and incineration were optimal for energy recovery, Alsaleh and Aleisa [99] contradicted
this, finding that incineration had the lowest environmental impact. However, most
studies consistently favored AD for its lower GWP and environmental impact compared
to incineration and landfilling [100–102]. Moreover, Slorach, et al. [103] projected that AD,
particularly when upgrading biogas to biomethane, would offer the best environmental and
economic sustainability among FW treatment methods, potentially resulting in net-negative
GWP if integrated with other energy sources. Even though, these current FW management
practices have offered some benefits in terms of economic and environmental point of
view. The incinerators should be equipped with advanced emission control systems due
to the stringent flue gas emissions standard in place. The landfill of FW is facing growing
pressure due to limited land availability. Thus, both incineration and landfill of FW should
not be considered as a sustainable approach for future FW management [104]. Nowadays,
the central objective of FW management is how to maximize energy and resource recovery
with minimal environmental impact. In this instance, AD, compost production appear to
be the most promising technologies, and animal feed for FW management, which can help
to substantially relieve the burdens on incineration and landfilling.

Table 2. The economic and environmental performance of FW management options.

Feedstock
FW

Management
Option

Technology Product

Economic Value Environmental
Impact (kg
CO2-eq/t

Feedstock)

ReferenceInvestment
(M$/t

Feedstock)

Production
Cost (M$/t
Feedstock)

Revenue
(M$/t

Feedstock)

FW Animal feed Dry process Dry pallet feed - - - −28.3 [105]

FW Animal feed Dry process Dry pig feed - - - 39.6 [106]
FW Animal feed Wet process Wet pig feed - - - 2.09

FW Composting Composting Fertilizer - - - −936.6 [105]

FW Composting Composting Fertilizer 0.017 0.01 0.017 - [107]

FW Composting Top soil pot Fertilizer * 0.08 * 0.042 * 0.007 - [108]

Organic FW Composting Windrow
composting Fertilizer - ** 29.94 ** 69.85 1.52 [109]

FW Composting Open-air static pile Fertilizer 0.081 0.024 0.018 −402.9 [110]

FW AD Fermentation Biomethane - - -- −61.8 [105]

FW AD Methane upgrading Biomethane 0.033 0.008 0.014 −37.7 [111]
FW AD CHP Electricity & heat 0.038 0.0078 0.0017 −193.5

FW AD Methane upgrading Biomethane 0.0302 0.0051 0.0042 −219.9 [112]
FW AD CHP Electricity & heat 0.0303 0.0017 0.0063 −289.1

FW AD CHP Electricity 0.05 0.011 0.021 0.036 [113]

FW Incineration Combustion Electricity - - - 284 [105]
a MSW Incineration Combustion Electricity 0.092 0.0037 0.0004 - [114]

FW Incineration CC Electricity - - - 107 [115]
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Table 2. Cont.

Feedstock
FW

Management
Option

Technology Product

Economic Value Environmental
Impact (kg
CO2-eq/t

Feedstock)

ReferenceInvestment
(M$/t

Feedstock)

Production
Cost (M$/t
Feedstock)

Revenue
(M$/t

Feedstock)
a MSW Incineration MGC Electricity 0.0356 0.0014 b −0.0009 - [116]
a MSW Incineration CFBC Electricity 0.0409 0.0016 b −0.0082 -

a MSW Incineration Combustion Electricity 0.229 0.567 b −0.584 - [117]
a MSW Incineration CHP Electricity & heat - - - 58 [118]
a MSW Landfill CHP Electricity & heat - - - 223

FW Landfill CHP Electricity & heat - - - 565.3 [105]

b Organic waste Landfill CHP Electricity & heat 0.0034 0.00047 b 0.129 3860 [119]

Note: * RM: ringgit Malaysia; ** MSAR: million Saudi riyal; CHP: combined heat and power; CC: combined cycle;
a msw: municipal solid waste (with major portion of FW); b data taken from one big Colombian cities (Bogota)
and revenue is NPV data; MGC: moving grate combustion; CFBC: circulating fluidized bed combustion.

5. Food Waste Valorization
FW generated at various supply chain sites is often disposed of through landfilling or

incineration without proper treatment, leading to severe environmental consequences [120].
Incineration releases harmful by-products such as ash and flue gases that pose respiratory
risks [121], whereas landfilling generates toxic leachates that contaminate groundwater and
emits hazardous gases including methane and hydrogen sulfide [122]. These environmental
concerns highlight the urgent need for sustainable FW management strategies. In this
context, FW valorization into value-added products has emerged as a promising approach
aligned with circular bioeconomy principles [123], reducing reliance on fossil-based raw
materials. Due to its nutrient-rich composition, FW is increasingly recognized as a suitable
feedstock for biorefineries producing chemicals, materials, and biofuels [124,125]. This ap-
proach not only reduces the amount of organic waste requiring disposal but also decreases
dependence on petroleum-derived resources [126] while supporting the United Nations
Sustainable Development Goal 12 on responsible consumption and production [127]. As
shown in Figure 3, FW can be valorized through two main pathways: biochemical conver-
sion, which employs microbial fermentation or enzymatic processes to produce high-value
chemicals and fuels, and thermochemical conversion, which uses elevated temperatures
and pressures to convert FW into bio-oil, biochar, syngas and other energy products.
The following sections discuss these pathways with emphasis on process performance,
industrial relevance, and integrated biorefinery applications.

Figure 3. Potential FW-based biochemical and thermochemical production.
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5.1. FW-Based Biochemical Conversion
5.1.1. Pretreatment

Pretreatment of FW is a critical step in unlocking its macronutrient fractions for down-
stream conversion, and typically involves a combination of physical, thermal, and chemical
or enzymatic processes. Mechanical pretreatment, including grinding or milling, is typically
the initial step used to reduce particle size (0.5–2 mm) [128], thereby increasing surface area
and enhancing organic matter solubilization [129]. The pretreated FW is then subjected
to hydrolysis to liberate fermentable sugars from complex carbohydrates, with the choice
of hydrolysis route determining the subsequent processing sequence. Acid hydrolysis
using dilute H2SO4 or HCl is typically performed at elevated temperature (121 ◦C in an
autoclave for 5 to 30 min) with acid concentrations 0.5 to 2% v/v, enabling simultane-
ous sugar release and microbial inactivation in a single process step [130]. Enzymatic
hydrolysis using α-amylase, glucoamylase, and cellulase mixtures is typically conducted
under mild conditions (50–60 ◦C) and therefore requires prior sterilization, commonly by
autoclaving to inactive endogenous microorganisms and improve enzyme accessibility
through partial starch gelatinization [51]. Among the two routes, enzymatic hydrolysis is
the most widely adopted approach for FW given its high yield, mild operating conditions,
less environmental emission, and minimal inhibitor formation, making it directly compat-
ible with subsequent microbial fermentation [131]. Both studies by Narisetty, et al. [51]
and Narisetty, et al. [132] reported that enzymatic hydrolysis of bread waste produced
higher bioethanol and BDO titers (114.9 and 138.8 g/L, respectively) than acid hydrolysis
(106.9 and 135.4 g/L, respectively).

5.1.2. Macronutrient Extraction and Fractionation

Table 3 presents an overview of pretreatment methods employed to extract macronutri-
ent components from FW. Carbohydrates within FW are typically hydrolyzed via enzymatic
or acid-based processes. These pretreatments are designed to modify the structural prop-
erties of FW, thereby increasing enzymatic accessibility and facilitating the breakdown of
complex carbohydrates into fermentable sugar monomers [133]. The primary objective
of this stage is to induce molecular alterations that enhance the efficiency of subsequent
bioconversion processes [134]. Following pretreatment, the liberated carbohydrate poly-
mers undergo enzymatic hydrolysis to yield simple sugars, which act as precursors for
the synthesis of value-added bio-based chemicals and fuels. This conversion is generally
achieved through a sequential combination of chemical and enzymatic hydrolysis, ensur-
ing the efficient release of fermentable sugars. Kumar and Longhurst [37] conducted a
comprehensive review examining the potential of FW as a feedstock for the production of
key chemical building blocks, including lactic acid (LA), succinic acid (SA), 2,3-butanediol
(BDO), ethanol, and n-butanol. Their findings underscore the viability of FW, given its high
carbohydrate content, as an alternative substrate for microbial fermentation in biorefin-
ery applications. Moreover, the U.S. Department of Energy (DOE) has identified several
of these compounds as high-value platform chemicals with significant industrial rele-
vance [135]. Similarly, the UK government, through the E4TECH initiative, has evaluated
and prioritized bio-based chemical and fuel products based on their market potential and
alignment with national capabilities [136]. For commercial fermentation, industrial compet-
itiveness typically requires yields close to the theoretical maximum: ≥0.45 g/g glucose for
ethanol [137], ≥0.90 g/g for lactic acid [138], ≥0.50 g/g for succinic acid [139], ≥0.48 g/g
for 2,3-BDO [140], and ≥0.20 g/g for ABE-derived butanol [141]. The FW-derived yields
summarized in Table 3 meet or approach these benchmarks across all five products: ethanol
(0.47–0.49 g/g), lactic acid (0.85–0.92 g/g), succinic acid (0.52–0.56 g/g), 2,3-BDO (up to
0.48 g/g), and ABE (up to 0.43 g/g). This indicates that despite FW heterogeneity, microbial
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conversion remains effective when hydrolysates replace refined sugars, supporting its use
as a low-cost feedstock for high-value bioproducts.

Lipids present in FW offer a promising feedstock for biodiesel production; however,
their extraction is necessary due to the complex composition of FW, which includes carbo-
hydrates and proteins. Lipid recovery is commonly achieved through solvent extraction
methods utilizing agents such as n-hexane [142], ethanol [143], dimethyl ether [144], and
fungal hydrolysis [145,146]. Among these, n-hexane has demonstrated superior extraction
efficiency, achieving lipid recovery rates of up to 99.7% [142,147,148]. The isolated lipids
can be separated by centrifugation and subsequently converted into biodiesel, or fatty acid
methyl esters (FAME), via transesterification. This reaction can be catalyzed by acids [149],
bases [150], enzymes [151], and heterogeneous catalyst [152]. Yield of biodiesel is generally
affected by temperature, pressure, molar ratio of lipid to methanol, reaction time, type of
catalyst and concentration, type of feedstock [151,153]. In addition to lipids, FW is recog-
nized as a valuable source of protein for applications in food and animal feed [154]. Various
extraction techniques have been developed, including acid [155], hydrothermal [156], ionic
liquid [157], enzymatic [158], ultrasonication [159], alkaline [160], and membrane filtra-
tion [161]. Among these, alkaline extraction is most widely adopted due to its operational
simplicity, time efficiency, and cost-effectiveness [162].

One of the primary challenges in valorizing FW lies in the effective separation of its
three principal macronutrients: carbohydrates, proteins, and lipids. This step is crucial, as
each component exhibits distinct physicochemical properties and valorization pathways,
necessitating specific extraction and conversion techniques. Efficient fractionation enables
the targeted conversion of carbohydrates into chemicals and fuels, while optimizing the
recovery of proteins and lipids for high-value applications, contributing to a sustainable
and integrated biorefinery approach. Sadhukhan, et al. [163] developed an integrated biore-
finery framework for seaweed, demonstrating a hierarchical extraction strategy to recover
proteins, sugars, and nutrients. The process involved drying, milling, aqueous suspension,
filtration, and centrifugation. The resulting supernatant, containing polysaccharides and
proteins, was further separated via ion exchange resins. Polysaccharides were hydrolyzed
into monosaccharides, and proteins purified through dialysis, generating distinct product
streams and enhancing resource efficiency. Similarly, Rajendran and Han [148] investigated
a process for producing polylactic acid and biodiesel from FW. Lipids were initially ex-
tracted using n-hexane and recovered via flash evaporation for reuse. The solvent-free oil
was processed into biodiesel, while the defatted, carbohydrate-rich residue underwent
enzymatic hydrolysis to yield glucose, which was subsequently fermented into lactic acid.
This was further purified through ultrafiltration and distillation. The remaining protein-
rich residue was repurposed as animal feed, maximizing material utilization. Ladakis,
et al. [164] proposed a method for sequentially extracting lipids and proteins from the
organic fraction of municipal solid waste (OFMSW), followed by carbohydrate valoriza-
tion. Lipids were recovered using n-hexane and the solvent recycled via evaporation. The
lipid-free stream was treated with NaOH to solubilize proteins, then subjected to filtra-
tion, yielding a protein-rich retentate (approximately 90% purity) suitable for drying. The
remaining solids were enzymatically hydrolyzed to produce a sugar- and nutrient-rich
hydrolysate, used as a fermentation medium for SA production. SA was purified through
evaporation, activated carbon decolorization, and crystallization. Although lipids and
proteins were effectively recovered, they were not further converted into value-added
products in this study.
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Table 3. The production of biochemicals and biofuels through microbial processes using FW.

Substrate Pretreatment Microorganism/Catalyst/
Solvent Product

Product
Produced

(g/L)
Yield (g/g) Productivity

(g L/h) Reference

Bread waste Acid hydrolysis S. cerevisiae KL17 Ethanol 106.9 0.47 2.97 [51]Bread waste Enzymatic hydrolysis S. cerevisiae KL17 Ethanol 114.9 0.49 3.19
Bakery waste Enzymatic hydrolysis Lb. casei Shirota Lactic acid 94 0.92 2.61 [165]
FW Enzymatic hydrolysis Lactobacillus pentosus Lactic acid 157 0.92 2 [166]
Bakery waste Enzymatic hydrolysis Bacillus coagulans DSM1 Lactic acid 155.4 0.85 1.3 [167]
Mixed FW Enzymatic hydrolysis Yarrowia lipolytica Succinic acid 31.7 0.52 0.6 [168]
FW Enzymatic hydrolysis Y. lipolytica PSA02004 Succinic acid 87.8 0.56 0.7 [169]
Bakery Enzymatic hydrolysis Actinobacillus succinogenes Succinic acid 47.3 0.55 1.12 [170]
FW - Clostridium beijerinckii P260 ABE 18.9 0.38 0.46 [171]

FW Enzymatic hydrolysis C. saccharoperbutylacetonicum
deltptabuk ABE 19.65 0.43 1.93 [172]

FW - C. beijerinckii P260 ABE 10 0.36 0.49 [173]

Bread waste
Acid hydrolysis Enterobacter ludwigii BDO 135.4 0.42 - [132]Enzymatic hydrolysis Enterobacter ludwigii BDO 138.8 0.48 -

Bakery waste Enzymatic hydrolysis Bacillus licheniformis
YNP5-TSU BDO 36.7 0.47 0.99 [174]

FW n-hexane extraction KOH & Methanol Biodiesel - 96.62 a - [175]
FW Ethanol extraction NaOH & Methanol Biodiesel - 96.3 a - [176]

Bakery waste Fungal hydrolysis Novozyme-435 & methanol Biodiesel - 90 a - [153]
Alkaline extraction NaOH Protein - 93.9 a - [160]

FW Enzyme extraction Alcalase Protein - 90.6 a - [158]
Soybean Ultrasonication - Protein - 84 a - [159]

yield: a wt%; ABE: Acetone, butanol and ethanol.

5.2. FW-Based Thermochemical Conversion

Food waste can be converted into energy carriers and value-added materials through
thermochemical processes operating at elevated temperatures and, in some cases, high pres-
sures, without requiring prior macronutrient fractionation. The main thermochemical routes
for FW valorization include pyrolysis, gasification, and hydrothermal liquefaction (HTL).

Pyrolysis is the thermal decomposition of FW in an oxygen-free environment at
350–700 ◦C, producing three principal products, bio-oil, biochar, and pyrolysis gas (syn-
gas), with the relative yields governed by heating rate, residence time, and final temper-
ature [177]. Zaharioiu, et al. [178] demonstrated catalytic pyrolysis of meat and bone
meal using mesoporous silica nano catalysts (SBA-3 and SBA-16 with Fe and Ni deriva-
tives) at 450 ◦C for 1 h, achieving 13.93 wt% bio-oil (HHV 32.56 MJ/kg), 19.06 wt% gas
(HHV 46.23 MJ/m3), and 67.01 wt% char on average across the catalysts tested. Fad-
hil, et al. [179] demonstrated pyrolysis of de-oiled fish waste in a fixed-bed reactor at 500 ◦C
for 60 min with 0.25 mm particles, achieving a maximum bio-oil yield of 57.13 wt% (HHV
37.74 MJ/kg), 20.5 wt% biochar, and 22.4 wt% gas. The bio-oil produced from pyrolysis is
generally composed of a diverse range of organic matter, including alcohols, acids, esters,
ketones, aldehydes, and phenols [180].

Gasification is a thermochemical process that converts biomass into syngas via partial
oxidation under high temperatures, producing a mixture of combustible gases such as
hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), and methane (CH4) [181].
Among these products, H2 production has attracted significant attention, particularly from
FW, due to its potential as a sustainable energy carrier. Several recent studies have explored
this potential. Mirzaei and Tavakoli [182] investigated H2 production from FW using
subcritical and supercritical water gasification. The maximum H2 yield of 2.44 mmol/g
was obtained at 400 ◦C at 60 min, with a H2 mole fraction of 29.5% and H2 selectivity of
41.84% in the absence of catalyst. In contrast, the use of the catalyst CO3O4 enhanced the
H2 yield, content and selectivity to 3.36 mmol/g, 36.1%, and 56.49%. Raizada, et al. [183]
examined FW conversion using a novel in situ gasification after pyrolysis (IGP) at 700 ◦C
and compared it with conventional overlapping pyrolysis and gasification (OGP). At
0.625 mL/min steam flow, IGP produced higher syngas yield (1.48 vs. 1.31 Nm3/kg) and
hydrogen fraction (66.7% vs. 54.5%), with HHV increasing from 12.1 to 17.4 MJ/kg. In
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a follow-up study of Raizada, et al. [184] examined FW and its ash as a support for Ni
catalyst in gasification at 850 ◦C. The best performance was achieved using a conventional
overlapping process (COP) combined with the catalyst, resulting in highest H2 fraction and
yield with 71.74% and 1.3 m3/kg, respectively. To further improve catalytic performance,
Raizada, et al. [185] developed a Ni-based catalyst supported on FW ash (5% and 10% Ni
loading) and tested it in steam gasification at 850 ◦C in a downdraft fixed-bed gasifier. The
5% Ni catalyst performed best, giving higher syngas and hydrogen production than 10%
Ni. At a 50% catalyst-to-feed ratio, the syngas yield reached 1.8 m3/kg and the hydrogen
fraction increased to 71%, effectively doubling hydrogen yield.

HTL is a thermochemical process that converts wet feedstock into bio-oil using wa-
ter as the reaction medium under moderate temperature (250–374 ◦C) at high-pressure
(4–22 MPa) [186]. A key advantage of HTL over processes such as fast pyrolysis is its ability
to produce lower-oxygen bio-oil [187,188]. Bayat, et al. [189] studied hydrothermal lique-
faction (HTL) of FW at 240–295 ◦C and reported that the best overall product distribution
occurred at 240 ◦C and 30 min. Under these conditions, the process achieved a bio-crude oil
yield of 27.5 wt%, with HTL-char and gas yields of approximately 21.7 wt% and 19.6 wt%,
respectively. Brilovich Mosseri, et al. [190] investigated HTL of a household FW model in a
batch reactor at 280–340 ◦C. The process produced absolute bio-oil yields of 6.61–29.36 wt%,
biochar yields of 12.29–40.73 wt%, aqueous-phase soluble of 13.78–33.98 wt%, and gas
yields of 6.15–8.94 wt%. The maximum bio-crude yield (29.36 wt%) was achieved at 272 ◦C
with 2 wt% K2CO3, while the highest biochar yield (40.73 wt%) was obtained at 303 ◦C
with 1 wt% K2CO3. Bio-oil HHVs ranged from 30.24 to 37.94 MJ/kg with undetectable
sulfur, and biochar HHVs were consistently around 31.5 MJ/kg.

Three major product produced from thermochemical processes which are bio-oil,
biochar, and syngas. Each of these products holds significant potential as a renewable
energy carrier or value-added material. Bio-oil is considered a promising liquid fuel
use in turbines, engines, boilers, and a wide range of chemicals after upgrading pro-
cess [177]. Similarly, syngas produced from pyrolysis is used for heat recovery, power
generation, and producing chemical after upgrading [191]. Biochar is a product produced
from pyrolysis which is used for carbon sequestration, soil nutrient improvement, and
biomass-derived fillers [192]. However, these products in their raw form are not directly
suitable for high-value applications, and further upgrading is required to enhance their
quality and marketability. Bio-oil typically requires upgrading through processes such as
hydrodeoxygenation (HDO) [193], catalytic cracking [194], and steam reforming [195]. Syn-
gas often undergoes cleaning, tar reforming, and gas conditioning to optimize its H2/CO
ratio for downstream synthesis processes [196]. Biochar can also be upgraded through
physical or chemical activation to improve surface area and porosity, enabling its use in
adsorption, and catalytic applications [197].

6. Food Waste Valorization Integration
The biorefinery concept is increasingly recognized as sustainable alternative to con-

ventional fossil-based systems, leveraging renewable feedstocks to co-produce chemicals,
energy, and materials withing a single integrated facility [198]. When applied to FW, the
biorefinery approach moves the waste hierarchy beyond simple recycling and recovery
toward a circular bioeconomy model in which nutrient -rich stream is systematically val-
orized rather than disposed. A proposed framework in Figure 4 operationalizes this concept
by coupling FW management with two complementary valorization routes that together
close the mass and energy loss of the system.
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Figure 4. A proposed integrated FW management and valorization framework.

The framework depicted in Figure 4 illustrates the potential integration of FW manage-
ment and valorization pathways within a circular system designed to maximize resource
recovery from all incoming streams. Different categories of FW, including bakery, fruit,
vegetable, mixed, fish, and meat waste, are first collected and pretreated before being
distributed through a sorting node to either conventional FW management routes (animal
feed, composting, AD, and incineration) or valorization pathways based on biochemical
and thermochemical conversion. Importantly, the figure does not represent a fixed opera-
tional configuration; rather, it presents all feasible integration pathways that can later be
assessed through optimization to determine the most suitable allocation of each stream.
The integration strategy is established through cross-linkages between FW management
and valorization processes, enabling residual streams generated in one pathway to be
recovered and utilized in another. Organic residues from biochemical and thermochemical
conversion can be redirected to AD as supplementary feedstock, while solid residues may
be routed to incineration for energy recovery. Similarly, biogas from AD is not inherently
assigned to a single use but may be directed to cogeneration depending on the optimal
system configuration identified in subsequent analysis. In addition, flue gas produced
from incineration can be integrated with a carbon capture unit (CCU), where the recovered
CO2 is either permanently stored or further utilized for the production of value-added
products. Through these interconnected recovery loops, the framework demonstrates
how FW management and valorization routes can operate as an integrated network that
maximizes material, energy, and carbon recovery while minimizing final waste disposal,
consistent with the principles of a circular bioeconomy.

The strategic integration of processes within such biorefineries enhances plant sustain-
ability by improving energy efficiency, reducing water usage, recovering organic residues,
and minimizing emissions. Several recent studies illustrate how these integration principles
translate into measurable performance gains. Criado and Martín [199] exemplified circular
economy principles in the fruit industry by designing an integrated biorefinery to produce
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juice, limonene, high-value chemicals, energy, and fertilizer. Limonene was recovered from
peel waste via steam explosion or hexane extraction, followed by AD to generate biogas,
fertilizers, and utilities. Results showed that processing 1 kg of peel yielded 0.021 kg of
limonene, 0.115 kg of biogas, 0.652 kg of dry fertilizer, and 8.8 GWh of electricity using a
regenerative Rankine cycle. Pinch technology was employed to enhance energy efficiency,
reduce operating costs, and optimize the overall process. Mailaram, et al. [200] assessed
the techno-economic feasibility of producing lactic acid from 100 metric tons/day of BW
under acid-neutral and low-pH fermentation scenarios. Integration between AD and co-
generation was achieved by recovering unconverted organic residues from the lactic acid
process and routing them to AD for biomethane production. The generated biomethane
was subsequently utilized on-site for steam and heat generation, partially meeting the
process energy demand while surplus energy was recovered as a co-product. Combined
with pinch-based heat integration, these measures reduced utility costs by 15% and 11%
for the acid-neutral and low-pH scenarios, respectively, decreasing LA production costs
to $2.07 kg−1 and $1.82 kg−1, with minimum selling prices of $3.52 kg−1 and $3.22 kg−1.
Hafyan, et al. [19] investigated a biorefinery co-producing bioethanol and SA from BW,
assessing four process scenarios. Scenario 4, incorporating AD, combined heat and power
(CHP), CC, and SA production, demonstrated superior performance, achieving a GWP
of −0.344 kg CO2-eq. Techno-economic analysis (TEA) confirmed its economic viability,
with a 2.2-year PBP, 33% IRR, 32% return on investment (ROI), and a NPV of 163 M$. In a
subsequent study, Hafyan, et al. [201] developed a multi-objective optimization framework
for integrated BW valorization that couples AD and incineration with biorefinery path-
ways. The model, a mixed-integer nonlinear programming problem solved via ε-constraint
approach, simultaneously optimizes NPV, GWP savings, and employment generation
under three heat supply strategies. Fully internal heat provision maximized environmental
performance (361,741 tCO2-eq/year GWP savings), while fully external heat delivered
superior economic and social outcomes (NPV up to 733 M$ and 4881 jobs).

7. Food Waste Management Challenges
Contamination is a major issue in managing FW. The fermentation process used in

FW valorization is vulnerable to contamination when FW is mixed with other types of
waste. To address this, a systematic distribution scheme for FW is needed to manage
it separately from other waste. In particular, implementing a segregated FW collection
system would help minimize the risk of contamination and ensure that FW can be effectively
sourced for valorization, leading to a successful fermentation process and effective reuse of
FW. However, collecting segregated FW from different supply chains can be challenging.
Households, which generate the highest levels of FW, are not seen as a feasible source due
to the complexity and cost of waste separation [202]. Therefore, surplus FW from retailers
represents a more feasible source. In this context, take-back agreements (TBA), where
bakeries manage the collection and treatment of unsold products, have been implemented
in several European countries, enabling a controlled and less contaminated FW supply
chain [203]. This approach creates a return system between bakeries and retailers, enabling
a flow of uncontaminated BW and minimizing separation challenges.

Another challenge with using FW as feedstock is ensuring an uninterrupted sup-
ply. In practice, maintaining a steady supply of FW for valorization is difficult due to
its seasonal production and its tendency to rot or decompose if stored for long periods.
To ensure continuous operation, it is crucial to assess the process’s flexibility in handling
variations in feedstock composition. This assessment is essential because it directly impacts
yield performance and product quality. To overcome this, it can be mitigated through
two complementary strategies. First, supply chain bio-hubs can aggregate dispersed feed-
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stock streams and apply preprocessing (e.g., pretreatment, process conversion) to improve
stability, density, and storability, enabling year-round availability and more resilient lo-
gistics networks [204]. Second, feedstock blending allows multiple feedstock categories
(e.g., FW, agricultural waste, industrial waste) to be co-processed, smoothing seasonal and
compositional variability and ensuring continuous plant operation [205].

8. Decision-Making Approach of Food Waste Management Selection
This chapter discusses how optimization and decision-making approaches can be

systematically constructed for the integration of FW management and valorization,
with the aim of guiding the decision-maker toward the optimum system configura-
tion. As depicted in Figure 5, the proposed approach comprises three sequential steps.
Step 1—Identification. FW streams are categorized by type, composition, generation rate,
and valorization potential, and mapped against the FW management hierarchy (prevention,
recycling, recovery, disposal) and the available valorization pathways (biochemical and
thermochemical conversion). Essential process data are collected at this stage, including
conversion technologies, operating conditions, yields, and target products and substitu-
tions. Step 2—Integration. Management strategies (animal feed, composting, AD, inciner-
ation) are combined with valorization pathways into a single biorefinery superstructure
(Figure 4) that encodes all feasible recovery and conversion routes through internal mass,
energy, and carbon loops. Step 3—Decision-making. The integrated system is evaluated
against economic, environmental, and social objectives. MOO generates a Pareto frontier of
non-dominated solutions across the three objectives, and MCDM methods normalize and
weigh the conflicting criteria according to decision-maker preferences to identify the most
sustainable compromise solution. Through this three-step approach, the integration of FW
management and valorization becomes a transparent decision-support framework that
defines the feasible integration space, navigates trade-offs across sustainability pillars, and
converges on the optimum configuration that is technically feasible, economically viable,
environmentally sound, and socially acceptable.

 

Figure 5. Decision making approach framework for integrated FW management selection.
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8.1. Multi-Objective Optimization of Integrated Food Waste Management
8.1.1. General Formulation

MOO provides the mathematical foundation for identifying optimal configurations of
integrated FW management and valorization systems. In its general form, MOO problem
seeks to simultaneously optimize a vector of m conflicting objectives subject to a set of
equality and inequality constraints, and is formulated as follows Equation (1):

min
x

F(x) = [ f1(x), f2(x), . . . , fm(x)]T

s.t. gi(x) ≤ 0, i = 1, . . . , p;
hj(x) = 0, j = 1, . . . , q;

x ∈ X

(1)

where F(x) is the vector of objective functions (economic, environmental, and social), gi(x)
and hj(x) represent inequality and equality constraints (mass and energy balances, feed-
stock supply, capacity, policy, market demand, etc.), and x is the vector of decision variables
(e.g., feedstock allocation, plant capacity, technology selection, operating conditions, etc.).
Unlike single-objective problems, MOO does not yield a single optimal solution but a set
of Pareto-optimal (non-dominated) solutions, in which any improvement in one objective
necessarily degrades at least one other. This Pareto frontier represents the trade-off surface
from which the decision-maker selects the preferred compromise solution. Applied to
integrated FW management, the decision variables typically encode the allocation of each
FW category (bakery, fruit, vegetable, mixed, fish, meat) across the available management
routes (animal feed, composting, AD, incineration) and valorization pathways (biochemical
and thermochemical conversion).

8.1.2. Problem Formulation Type

The mathematical formulation of MOO problem depends on the nature of the decision
variables and whether the objective functions and constraints are linear or nonlinear [206].
This classification directly affects modelling capability, computational complexity, and
solver selection for integrated FW systems. Four optimization classes are commonly used
in FW management and biorefinery design. Linear programming (LP) employs continuous
variables with linear equations and is mainly applied to simplified supply-chain problems
such as FW allocation, transportation, and capacity distribution [207]. Nonlinear program-
ming (NLP) retains continuous variables but incorporates nonlinear relationships, making
it suitable for process-level optimization involving reaction kinetics, fermentation perfor-
mance, energy balances, and heat integration [208]. Mixed-integer linear programming
(MILP) extends LP by introducing binary or integer variables, enabling technology-selection
and network-design decisions, for example, whether specific FW treatment routes, facil-
ities, or processing units are installed, and is therefore widely used in superstructure
and supply-chain optimization [209]. Mixed-integer nonlinear programming (MINLP)
combines discrete technology-selection decisions with nonlinear process behavior and is
the most comprehensive formulation for integrated FW management, particularly when
both system configuration and operational performance must be optimized simultane-
ously [210].

8.1.3. Objective Functions in Integrated FW Optimization

The mathematical structure of an integrated FW superstructure optimization model is
defined by two complementary elements: the objective functions that quantify the goals of
the system, and the constraints that define the feasible region within which those objectives
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can be pursued. Together they translate the qualitative concept of sustainability into a
quantitative, optimizable formulation.

Objective functions in integrated biowaste MOO problems are constructed to reflect
the three pillars of sustainability, economic, environmental, and social. The economic objec-
tive is evaluated through techno-economic analysis (TEA), with indicators such as NPV,
IRR, PBP, return on investment (ROI), profit, total annualized cost (TAC), and operating
cost; NPV is most commonly chosen as the maximization objective because it integrates
capital, operating, and revenue streams over the plant lifetime in a single value [211].
The environmental objective is quantified through life cycle assessment (LCA) under
ISO 14040/44 [212], with global warming potential (GWP, kg CO2-eq) the most widely
used indicator [213], and complementary metrics including cumulative energy demand,
water footprint, acidification, eutrophication, and fossil resource depletion; for circular
configurations, the avoided burden from displaced fossil products, are often preferred
to highlight the integration benefit [201]. The social objective is defined according to the
UNEP/SETAC guidelines, which align S-LCA with the ISO 14040 framework and structure
social impact assessment across five main stakeholder categories and twenty-two asso-
ciated sub-categories addressing labor rights, health and safety, fair wages, community
engagement, and end-of-life responsibility [214].

8.1.4. Uncertainty Problem Optimization

Replacing a significant portion of fossil-based products with renewable feedstocks
presents several challenges, particularly regarding ensuring a consistent supply. One of
the main issues is the seasonal variability of renewable feedstocks, which creates supply
inconsistencies for biorefineries [215]. Similarly, the integrated FW valorization pathway
faces challenges due to the high variability of FW feedstock, leading to uncertainties in
maintaining a stable supply throughout the year and over the operational lifetime of
the plant [211]. To address these issues, the impact of fluctuations in FW feedstock type
and composition is incorporated into the FW valorization superstructure. The general
uncertainty-aware MOO formulation can be expressed as Equation (2):

min
x

ρξ [F(x, ξ)]

s.t.
ρξ [gi(x, ξ)] ≤ 0, i = 1, ....m

hj(x) = 0, j = 1, ..., p

(2)

where x denotes the vector of decision variables, ξ represents the vector of uncertain pa-
rameters (feedstock supply, composition, market prices, etc.), F, gi, hi are the objective
function, inequality constraint, and equality constraint respectively. ρξ[·] is the expected-
value operator under the probability distribution of ξ. Stochastic programming, robust
optimization, and probabilistic modelling are the principal techniques used to operational-
ize this formulation. Table 4 summarizes data highlighting the optimization of bioenergy
systems under uncertainty, primarily focusing on economic objectives, with some attention
to environmental and social factors. A range of feedstocks, including agricultural residues,
algae, woody biomass, MSW, and other waste materials, are utilized to produce bioethanol,
biodiesel, electricity, and high-value biochemicals. The dominant modeling approach is
MILP, with uncertainty managed through robust optimization (e.g., RP, DDRP, RPP) and
stochastic techniques. Key uncertainties include biomass supply, product demand, and
market prices. The findings indicate a trend toward integrated biorefineries, circular econ-
omy principles, and resilient bioenergy supply chains. However, the study also reveals a
significant trade-off between profit and biomass quality variability. As highlighted by pre-
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vious studies, uncertainty in feedstock quality emphasizes the importance of incorporating
such considerations to ensure the reliability and efficiency of biorefinery processes.

The robustness aspect of uncertainty modeling is crucial for evaluating system per-
formance under various uncertain conditions, ensuring that decisions remain effective
even in worst-case scenarios [216]. Stochastic programming and robust optimization are
commonly employed methods to address uncertainty in optimization models. Stochastic
programming optimizes expected performance using probabilistic representations of uncer-
tain parameters, making it suitable when reliable probabilistic data is available [217]. A key
extension, two-stage stochastic programming, divides decision-making into two phases:
initial strategic decisions, such as plant design, followed by operational adjustments once
more information becomes available, enhancing flexibility in responding to uncertainties
like feedstock supply and market prices [218,219]. However, stochastic approaches may
underperform in rare but critical scenarios due to reliance on probabilistic data [220]. In
contrast, robust optimization does not depend on probabilities but ensures feasibility under
worst-case conditions by considering uncertainty within predefined bounds [221]. This
method provides conservative solutions that prioritize reliability, making it ideal for envi-
ronments where constraint satisfaction is critical [222,223]. Although less data-intensive
and more tractable, robust optimization can result in overly cautious solutions that sacrifice
optimal performance [224]. The choice between these methods depends on the availability
of reliable data: stochastic optimization is preferred when such data is available, while ro-
bust optimization is more suitable when ensuring performance across all possible scenarios
is paramount.

Table 4. Summary of the reviewed studies of the integration of biomass-based optimization.

Feedstock
Objective Function Model

Approach
Uncertain

Parameters
Uncertainty
Approach Final Products Reference

Economic Environmental Social

Beanstalk, Rice straw,
Hardwood
and softwood

√
- - MILP Product demands DDRP Bioethanol

& electricity [223]

MSW
√ √

- MILP Demand & cost 2-stage SP Electricity
& biodiesel [225]

Microalgae, wheat
straw and corn stover

√
- - MILP

Biomass supply,
biofuel demand,
price & costs

RP Bioethanol [221]

Beanstalk, Rice straw,
Hardwood
and softwood

√
- - MILP Biomass supply RP Bioethanol,

& electricity [226]

Microalgae
√ √

- - Product demands RP Biodiesel, methanol,
biochar & power [227]

Woody biomass
√

- - MILP Biomass supply DDRP Power [222]

Forest waste
√

- - MILP

Biomass
productivity and
selling price
of product

RP Pulp, lignin,
and power [228]

Potato peel,
sugarcane, willow,
poplar, & cornstover

√ √
- MINLP Biomass feedstock

and products SP

Butadiene, Jet fuel,
surfactant,
lubricant, p-xylene,
H2 & power

[229]

Rice straw, wheat
straw, maize straw,
cow manure, and hen

√ √ √
MILP

Biomass feedstock,
product demand,
and cost

RP Power & fertilizer [230]

Algae
√ √

- MINLP Biomass supply RPP Biodiesel [231]

Forest waste
√

- - MILP
Biomass feedstock,
product demand,
and cost

RP Syngas [232]

Woody biomass and
seaweed

√ √
- MILP Biomass feedstock

and products SP Biofuel [233]

Waste animal fat
√ √

- MILP Biomass supply and
biodiesel demand RPP Biodiesel [234]
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Table 4. Cont.

Feedstock
Objective Function Model

Approach
Uncertain

Parameters
Uncertainty
Approach Final Products Reference

Economic Environmental Social

Sugarcane -
√

- MILP Biomass supply RP Bioethanol [235]

Potato peels, poplar
wood, red oak,
sugarcane, corn stover

√ √
- MINLP

Proces conversion,
market price of
biomass & products

RP

PSA, electricity,
butadiene, jet-fuel,
surfactants,
lubricants, and PX

[236]

DDRP: data driven robust programming; RP: robust programming; SP: Stochastic programming; RPP: robust
probabilistic programming.

8.2. Multi-Criteria Decision Making of Integrated Food Waste Management

Developing decision-making systems is essential for effective FW disposal manage-
ment. Investments should yield reasonable profits and align with environmental prefer-
ences, social acceptance, and long-term competitiveness. Sustainability assessment inte-
grates scientific and policy research to meet stakeholder needs through a transdisciplinary
approach. Due to the varied impacts of FW management on the environment, economy,
and society, a robust assessment framework is crucial for making informed decisions and
choosing sustainable practices [237]. Once the MOO step generates a Pareto frontier of
non-dominated solutions across economic, environmental, and social objectives, a final
compromise solution is required for implementation. MCDM provides this step by incor-
porating stakeholder preferences to rank Pareto-optimal alternatives [238]. As shown in
Step 3 of Figure 5, the integrated FW management framework couples MOO and MCDM
into a unified procedure, where MOO defines the trade-off surface and MCDM identifies
the most preferred solution [239].

In general, an MCDM problem can be defined as selecting the most preferred alterna-
tive from a finite set of options A = {Ai | i = 1, 2, . . . , m} evaluated using a set of criteria
C =

{
Cj | j = 1, 2, . . . , n

}
where the criteria may have different units and can represent

conflicting objectives. A weight vector W =
{

wj | j = 1, 2, . . . , n
}

is assigned to reflect the
relative importance of each criterion, with ∑n

j=1 wj = 1. The performance of each alterna-
tive with respect to each criterion is represented in a decision matrix M =

[
xij

]
, where xij

denotes the value of alternative Ai under criterion Cj. MCDM methods use this matrix and
weight vector to score and rank alternatives, identifying either a single best solution or
a subset of efficient (non-dominated) solutions. Conceptually, MCDM can be viewed as
either selecting the most preferred alternative, grouping alternatives into preference classes,
or identifying efficient non-dominated solutions where no improvement in one criterion is
possible without sacrificing another [240].

Several MCDM methods are commonly applied in biorefinery decision-making. The
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) ranks alternatives
by their relative geometric distance to an ideal and an anti-ideal solution, with the highest-
ranked alternative selected as the compromise optimum. Zarei, et al. [241] applied this
approach to a sustainable biofuel supply chain by generating the Pareto frontier between
total annualized cost and GHG emissions using AUGMECON-R, then using TOPSIS to
compute the closeness of each Pareto-optimal solution to the ideal and anti-ideal points. The
compromise solution achieved a levelized cost of US$6.63/gallon of gasoline-equivalent
(GGE) and 674.83 g CO2-eq/GGE. The Analytic Hierarchy Process (AHP) structures the
decision problem hierarchically and derives weights from pairwise expert comparisons,
making it well-suited to incorporating qualitative stakeholder input. Yadav, et al. [242]
applied this approach to identify and rank sixteen obstacles hindering the implementation
of lignocellulose biomass (LCB) gasification, decomposing the problem into a hierarchical
framework based on the three AHP principles of decomposition, comparative evaluation,
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and synthesis. The pairwise comparisons revealed that operational challenges were the most
significant barrier (weight 0.1257), followed by gas cleaning (0.1107), consolidation of initial
funds (0.1037), market establishment (0.0913), and harvesting and collection (0.0749). VIKOR
identifies a compromise solution by ranking alternatives based on their closeness to the
ideal point while balancing group utility against individual regret, making it particularly
effective for problems with conflicting criteria. Nath, et al. [243] applied this approach to
rank agricultural waste-based heterogeneous catalysts for biodiesel production, evaluating
reported catalysts against five criteria: catalyst concentration (C1), methanol-to-oil ratio (C2),
reaction temperature (C3), reaction time (C4), to be minimized and biodiesel yield (C5),
to be maximized. The VIKOR ranking identified the plantain peel-derived catalyst as the
top-performing alternative, followed by Musa paradisiaca peel and cocoa pod husk catalysts.

While individual MCDM methods are powerful, they often struggle to handle inter-
dependence among criteria and uncertainty in expert judgement [244]. Hybrid MCDM
approaches, which combine the complementary strengths of multiple techniques, have
emerged as the most powerful class of methods for complex problems [245]. Wang,
et al. [246] developed a framework using complex spherical fuzzy information to evaluate
FW treatment methods, integrating mutual support and periodic decision information
using complex spherical fuzzy information to capture the ambiguity and vagueness in
expert opinions, a power-weighted average (PWA) operator to handle such uncertainties,
and Additive Ratio Assessment (ARAS) Approach is used to help in determining the
significance of different factors considered in the evaluation process. Rani, et al. [247] pro-
posed a novel framework combining inter-criteria correlation (CRITIC) and multi-objective
optimization (MULTIMORA) with single-valued neutrosophic sets (SVNSs) for assessing
FW treatment methods. They applied the CRITIC technique to compute attribute weights
and the MULTIMORA model to rank options, validating their approach through a case
study and sensitivity analysis. In summary, both MCDM and MOO approaches play a
critical role in enhancing decision-making for FW management by systematically incorpo-
rating economic, environmental, and social dimensions. MCDM methods are valuable for
evaluating and ranking FW management alternatives based on stakeholder preferences,
while MOO techniques enable the optimization of complex systems with multiple, often
conflicting, objectives. When used together, these tools can support more informed and
balanced decisions that align with sustainability goals and the principles of a circular
bioeconomy. Strengthening the synergy between these approaches by embedding MCDM
as a post-Pareto selection step within the MOO workflow, as proposed in this review, is
therefore essential to advance sustainability-driven decision support for integrated FW
management systems.

9. Conclusions
This work demonstrates that conventional FW management strategies, including

animal feed production, composting, anaerobic digestion, incineration, and landfilling,
can be significantly enhanced by integrating them with the biorefinery concept. Within
this integrated framework, FW is no longer considered solely as a disposal challenge but
is instead redefined as a valuable feedstock for the production of biofuels, biochemicals,
and other high-value materials through both biochemical and thermochemical conversion
pathways. This shift enables a transition from linear waste treatment systems to circular
resource recovery systems.

A key insight from this study is that the overall sustainability of FW valorization is
strongly dependent on the selection of end products. Products with high yields, strong
market value, and favorable environmental performance, such as bioethanol, lactic acid,
succinic acid, butanol, bio-oil, and biochar, are more suitable for large-scale implementation.
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Therefore, process selection should not only focus on conversion efficiency but also on
economic feasibility and environmental impact across the entire value chain.

To systematically address the complexity of FW-based biorefinery systems, mathemat-
ical multi-objective optimization has been employed to simultaneously evaluate economic
performance, environmental sustainability, and social considerations under practical opera-
tional constraints. In addition, MCDM methods are integrated to rank alternative solutions
and identify optimal pathways by incorporating the preferences of decision-makers, thereby
bridging the gap between theoretical optimization and real-world implementation. Despite
these advancements, FW valorization systems still face several challenges, including feedstock
heterogeneity, contamination with other waste streams, seasonal variability, and inconsis-
tencies in supply chain logistics. These issues directly affect process stability and scalability,
highlighting the need for robust system design and adaptive optimization frameworks.

Future research should extend the proposed integrated optimization approach by in-
corporating a wider range of products, emerging conversion technologies, and full supply
chain modelling from cradle to grave. In particular, coupling upstream collection systems
with downstream biorefinery operations would enable a more comprehensive assessment
of system performance. Such developments would support the design of fully integrated
circular bioeconomy systems that maximize resource recovery, minimize environmen-
tal burden, and enhance economic viability. Therefore, the study provides a systematic
framework for integrating FW management with biorefinery-based valorization, supported
by optimization and decision-making tools, thereby contributing to the development of
sustainable, scalable, and circular solutions for global FW challenges.
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TEA Techno-economic assessment
SIA Social impact assessment
CAPEX Capital expenditure
OPEX Operational expenditure
MILP Mixed-integer linear programming
MINLP Mixed-integer nonlinear programming
DDRP Data driven robust programming
RP Robust programming
SP Stochastic programming
RPP Robust probabilistic programming
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