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Abstract: Hunger (811 million people, 2020) and food waste (931 million tonnes annually, 2020) are
long-standing interconnected challenges that have plagued humankind for centuries. Food waste
originates from various sources, including consumption habits and failures within the food supply
chain. Given the growing concerns regarding food insecurity, malnutrition, and hunger, there is
a pressing need to recover and repurpose as much food waste as possible. A growing body of
knowledge identifies the valorisation (including upcycling) of food waste as one of the strategies to
fight hunger by positively impacting food availability and food security. This paper evaluates the
potential role of food waste valorisation, including upcycling, in reducing global hunger. A literature
search was conducted to examine how converting food waste into value-added products, such as
food formulations and farming inputs, can contribute to increasing food availability. The benefits
of waste-to-food operations in improving food availability through producing food ingredients and
products from materials that would have been wasted or discarded otherwise were discussed.
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1. Introduction

The issue of food waste and its impact on global food security has gained significant
attention [1]. While the terms “food loss” and “food waste” are sometimes used inter-
changeably, they refer to different aspects of the same problem. Food loss encompasses
the unintentional decline in food quality and quantity during production, harvest, and
throughout the supply chain, often due to aesthetic concerns, rendering it unsellable but
still safe for consumption. On the other hand, food waste specifically refers to the delib-
erate disposal of food fit for human consumption [2,3]. End users may discard food for a
number of reasons, such as excessive food purchases, delayed consumption/utilisation,
and incorrect usage of food date labels [4]. Nevertheless, waste is an inevitable and logical
aftereffect of eating or food utilisation, as stated by Evans et al. [5]. Food is known to be
prone to spoilage and decay, and can undergo various transformations. Therefore, a variety
of contributors, including microorganisms, preservation/processing techniques, packaging,
and kitchen appliances, as well as methods of waste treatment, disposal, and management,
are involved in the generation of food-derived waste [5].

Food waste and losses occur at all stages of the agri-food chain [6], with primary
production, post-harvest, and processing accounting for the main losses, while the biggest
portion of wasted food originates from retail and consumption [7]. Food waste is primarily
generated at the post-harvest and processing stages in underdeveloped nations. Poor prac-
tices, limited technology, financial constraints, as well as a lack of adequate infrastructure
for storage and transport are the root causes of these losses in low-income countries. In
industrialised nations, waste generally arises during the food-consumption stage, with
the biggest portion of wasted food attributed to the household (i.e., final consumers).

Sustainability 2023, 15, 10571. https://doi.org/10.3390/su151310571 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151310571
https://doi.org/10.3390/su151310571
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0039-6792
https://orcid.org/0000-0003-3846-847X
https://orcid.org/0000-0002-2428-1332
https://doi.org/10.3390/su151310571
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151310571?type=check_update&version=1


Sustainability 2023, 15, 10571 2 of 21

Consumers’ behaviour, values, and attitudes primarily influence waste generation in the
developed world. A significant amount of food waste happens during preparation and
cooking, as well as when people misinterpret the “use by” and “best before” dates [8,9].
However, the quantification of food loss and waste suffers from significant gaps because
unequal attention is paid to different parts of the world and the food supply chain stages.
For instance, numerous publications quantify food loss and waste in industrialised coun-
tries, while few studies are conducted in low-income nations, and a larger number of
studies have focused mainly on food waste generation at retailing and consumer levels [10].
Additionally, the causes of food losses and waste vary along the supply chain, which affects
how much waste is produced at each stage [11]. Rao et al. [12] stated that there is no
concrete data on the volume of food waste at each stage of the food supply chain due to
the widespread distribution of food waste and the existence of numerous methods for
quantification [12]. The household sector’s food waste volume was reported in the United
Nations Environment Programme’s (UNEP) Food Waste Index Report 2021 (Figure 1).
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According to the UNEP Food Waste Index Report 2021, more than 931 million tonnes
of food go to waste annually [14]. This is particularly alarming because there are only seven
years left to meet the Sustainable Development Goals (SDG), specifically SDG 12.3, aiming
for a 50% reduction in food wastage at the retail and consumer stage and a decline in food
losses throughout the supply and production chains [15,16]. On the other side of the coin,
hunger is on the rise, with millions of people enduring undernourishment and malnutrition
in their day-to-day lives [17]. In 2020, 3 billion people could not afford a healthy diet, and
up to 811 million individuals faced hunger [18]. Moreover, the demand for food will rise
continuously as the global population grows [19]. Reynolds et al. [19] stated that all the
avoidable food waste disposed of in Australia (estimated to be 1/3 of all food waste or
2.5 million tonnes) could be rescued to yield 1.8 trillion calories (worth US$ 190 billion),
which would be enough to feed 921 thousand individuals for one year [20].

Food loss and waste represent a social and environmental concern that negatively
impacts food security. Additionally, economic losses are experienced by all actors along the
agri-food supply chain, including consumers. Food loss and waste could negatively impact
food availability in markets, raising food prices and significantly reducing the ability of
low-income households to purchase food. Furthermore, suppose food quality deteriorates
to the point where it must be sold at lower prices or even disposed of. In that case,
reduced profitability will jeopardise farmers’ and producers’ livelihoods. Food production
constitutes resource-intensive activities, as a consequence, food waste and loss equally
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lead to waste in water, land, energy, and other natural resources used in the production
process [21,22]. Therefore, overcoming food loss and waste has been cited as a sustainable
strategy for achieving zero hunger (SDG 2) [17]. According to Ardra and Barua [14], a
synergistic relationship exists between the SDGs since lowering food loss may also assist in
finding solutions to issues that contribute to achieving other targets (for example, target
2.4, which aims to end hunger and improve food security, and target 3.9 whose objective is
healthy lives for every age group) [15]. Hence, reducing food squandering while feeding a
growing human population is an ongoing global challenge [23]. The difference between
food loss and waste has been established in this article. In the next sections, the term “food
waste” will predominantly refer to food loss and waste.

There is no universal method for the treatment of food waste due to the complexity of
its physical and chemical composition, differing local government rules, and budgetary
restrictions [24]. Popular approaches to reducing food waste are converting it into animal
feed [25] and redistributing edible food waste or surplus food to underprivileged com-
munities by charity associations [26]. A more recent strategy that is being investigated
involves extracting components and ingredients from food waste to produce new food
items. This valorisation of food waste can be defined as turning waste, by-products, or
underutilised/undervalued food material into valued products or using those products
effectively. The decreasing abundance of renewable resources, the declining availability of
arable land, the ongoing increase in global population, and the excessive accumulation of
waste justify the use of food waste and by-products in the food industry [27].

Food waste valorisation is an instrument for reducing the negative consequences
of food wastage as well as achieving zero hunger. Bhatia et al. [27] stated that utilising
or valorising food wastes aids in the resolution of environmental pollution challenges
associated with food wastage reduces the socioeconomic consequences of food waste
and contributes to meeting the ‘zero waste’ target [28]. Zero waste describes a visionary
objective and a remedy to eradicate waste generation. The valorisation/reutilisation of
these wastes using various techniques offers an avenue of possibilities allowing them to
be no longer considered waste [29]. Since the rate of food consumption is higher than
the rate of food waste recycling, high quantities of food waste are dumped into landfills
where they are incinerated or allowed to decompose, leading to the emission of greenhouse
gases that exacerbate climate change and the release of harmful gaseous substances (e.g.,
methane) that increase the risk of human health issues caused by air pollution and soil
leaching [28,30]. For instance, bananas are recognised as one of the world’s most valuable
foods and the second most produced fruit. The edible portion of the fruit accounts for only
12% of the tree’s overall weight, resulting in a significant quantity of agro-industrial waste
like banana peels, which account for 30–40% of the entire fruit weight. After bananas are
processed, a significant quantity of peels is collected and discarded as garbage because it
is viewed as waste. Given that they are spread throughout the cultivation area or burned,
these leftovers pose a severe pollution hazard [31,32].

Food-derived waste and by-products can be utilised as raw materials to produce food
additives, fertilizers for crops, and animal feed given to livestock raised for human con-
sumption, contributing to food production and supply [33,34]. In addition, agri-food wastes
and by-products are among the most promising raw materials for producing biodegradable
food packaging [35]. As such, the farming, food processing and packaging businesses
can profit from creating value-added products. This has major financial advantages while
also helping to reduce the accumulation of waste. By valorising by-products, the food
chain activities are diversified, generating job opportunities and new income streams for
the population that can benefit underprivileged communities. This is essential because
addressing poverty is necessary to fulfill the Millennium Development Goals that deal with
hunger and malnutrition [33].

The purpose of this article is to assess the potential role of food waste valorisation
in alleviating world hunger. It offers a dedicated analysis of the contributions of food
waste valorisation in supporting progress towards zero hunger in the world. Different
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methods employed for valorising food waste are presented. Besides, discussions of the
benefits, drawbacks, and obstacles associated with food valorisation technologies are also
included. While there are existing reviews on related topics, this manuscript offers a unique
perspective and contributes to the field in several ways:

Unique Focus: The manuscript addresses food waste valorisation and its impact
on achieving zero hunger. It explores converting food waste into value-added products,
such as food formulations and farming inputs, to increase food availability. This focused
approach sets it apart from broader reviews that may not delve into the specific role of
valorisation in addressing hunger.

Novelty in Research: The manuscript presents a comprehensive analysis of the contri-
butions of food waste valorisation in supporting progress towards zero hunger. It explores
various methods employed for valorising food waste and discusses their benefits, draw-
backs, and associated obstacles. This comprehensive assessment adds new insights and
knowledge to the existing literature.

Relevance to Sustainable Development Goals: The manuscript explicitly aligns with
Sustainable Development Goal 2 (Zero Hunger) and highlights the synergistic relationship
between different goals. It emphasizes the importance of reducing food loss and waste
as a sustainable strategy to achieve zero hunger while considering other targets, such as
improved food security and healthy lives.

By focusing specifically on food waste valorisation and its implications for achieving zero
hunger, this manuscript brings a unique perspective to the existing literature. It contributes
new insights and knowledge while aligning with global sustainable development goals.

2. Food Waste Valorisation Techniques

Food waste valorisation techniques aim to convert food waste into value-added prod-
ucts that can be integrated into various stages of the food supply chain. Some sustainable
techniques for food waste valorisation include composting, anaerobic digestion, bioconver-
sion, and upcycling.

Food waste exists in solid, semi-solid and liquid form and is rich in compounds, includ-
ing proteins, carbohydrates, lignin, lipids, cellulose, and other elements. These substances
usually exist in the diluted form in liquid food waste such as potato-processing wastewater,
apple residue sludge and whey from the dairy industry [36–38]. Because of this rich com-
position, food waste is categorised as an inexpensive, high-potential second-generation raw
material [39]. The foundation of any procedure for valorising food waste is the composition
of the generated food waste [40]. Food waste has a diverse and inconsistent composition
that depends on a specific population’s region, season, and dietary patterns. Typically,
heterogeneous food waste could comprise above 50% of total sugars, over 40% of starch,
45% of proteins, and less than 2% of cellulose [41]. The substances in food waste can be used
for the manufacture of developing biofuels, bulk chemicals, enzymes, food supplements,
nutraceuticals, bio-adsorbents (e.g., activated charcoal), antimicrobial products (e.g., antibi-
otics), bio-based fertilisers, bioplastics, among several other applications [37,42,43]. This
section discusses the resource recovery from food waste by utilising various sustainable
techniques or practices that aim to convert food waste into value-added products that can
be introduced into various stages of the food supply chain. Such food waste valorisation
strategies regarded as sustainable in the waste management literature include composting,
anaerobic digestion, bioconversion, and upcycling to value-added derivatives and new
food products/ingredients such as fertilizer, animal feed and food additives [36,42,44–46].

2.1. Composting

Food waste composting is a controlled process in which a complex microbial com-
munity degrades food wastes into their basic constituents in the presence or absence of
oxygen [47,48]. Composting is divided into four stages: mesophilic, thermophilic, cool-
ing, and maturation. Several factors influence the duration of composting, including pH,
Carbon-Nitrogen (C/N) ratio, moisture, feedstock nature (type and composition of food
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waste), oxygen availability (aeration), and composting technology [49,50]. Aerobic com-
posting is the most efficient type of degradation, producing mature compost in a shorter
period (4 weeks) compared to anaerobic composting, which can take up to 2 or 3 years [51].
Composting can be hastened by turning the compost pile and shredding the feedstock
materials (i.e., food waste) on a regular basis, as well as using efficient microbial species,
chemical nitrogen activators, worms, natural minerals, plant-based bulking agents (e.g.,
agricultural waste) and a variety of additives and amendments, like biochar [52].

The product of composting is a stabilised substance that is rich in organic matter
known as compost. Compost finds use in agriculture because it promotes soil fertility
as well as crop development and growth. It has been employed as an organic fertilizer
to replace chemical fertilizers, whose excessive and uncontrolled usage has negatively
affected soil quality indices and agricultural yields over time. It also serves as a natural
soil conditioner [53]. Compost is packed with nutrients and humic substances. Humic
compounds, which include humic acids (HAs), fulvic acids (FAs), and humin, are het-
erogeneous organic molecules. Humic compounds increase soil fertility by boosting soil
physiochemical characteristics and enhancing soil structure and texture [54]. Further-
more, applying compost derived from bio-transformed food waste to soils enhances soil
aggregation, water-retentiveness, and porosity [55]. Humic substances present in com-
post favourably impact plants’ physiological, metabolic, and developmental processes.
Humic substances activate genes related to nitrate uptake in plants as well as plasma
membrane H+-ATPase, which is involved in nutrient uptake and transport. According to
research studies, humic compounds stimulate stomatal opening, which is necessary for
photosynthesis and respiration. They have a significant role in land resource restoration
through phytoremediation and vegetation revival in impoverished arable soils, in addition
to increasing the composition of soil organic matter [54,56,57].

Besides its numerous benefits, composting still has the disadvantages of long minerali-
sation times, long process duration, the potential presence of thermotolerant pathogens and
limited nutritional content. The release of odorous substances and chemicals (such as hy-
drogen sulphides released under anaerobic conditions), as well as greenhouse gases (CO2,
N2O, and CH4), are additional downsides of this biological waste treatment process [48,58].
One of the key restrictions on the usage of compost as biofertilizer is the fact that the
availability of nutrients to plants, particularly N and P, is uncertain due to their existence
in both inorganic and organic forms, which are not all readily available for intake by crops.
Yet, less compost is needed in successive applications to attain the same nutritional load as
mineral fertilisers because compost keeps releasing nutrients over an extended period. In
practice, it would take less than eight times as much of this compost (1% N) over four years
to provide the same quantity of nitrogen as mineral-based fertilizer [59]. On the other hand,
compost is made up of a mixture of nutrients, and soil health will greatly benefit from the
ability to extract certain nutrients (such as N, P, K, etc.) but not all. For example, matured
compost contains trace elements within permissible levels, but when applied to the soil
for bioremediation, some trace elements can be added to the soil’s already present trace
elements rather than being removed, thereby negatively impacting the soil quality [58].

2.2. Anaerobic Digestion

Anaerobic digestion is the degradation of organic materials by microorganisms in an
environment devoid of oxygen. This procedure generates biogas, which can be utilised
as a source of energy. The steps of anaerobic digestion include hydrolysis, acidogenesis,
acetogenesis, and methanogenesis [60]. Anaerobic digestion of food waste offers numerous
advantages, including lowering methane emissions at landfills and providing an on-site,
renewable energy source. Anaerobic digestion produces a digestate as a by-product rich in
nutrients (e.g., nitrogen and phosphorus) extracted from the food waste substrate [61]. A
long-term release of nutrients is achievable from the decomposition of fine organic matter
retained within the cultivated soil following the application of fertilizer because organic
fertilizers like food waste anaerobic digestate are very rich in organic matter. However,
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dissolved synthetic fertilizers provide nutrients available in their formulations prone to
nutrient leaching and fixation, which restricts the quantity of nutrients plants can absorb
over time [62]. Chemical fertilizers provide nutrients and have no positive influence on
the physical state of the soil, unlike organic fertilizers, such as anaerobic digestate, that
enhance soil fertility and properties [63]. The results of Panuccio et al. [63] demonstrated
the application of anaerobic digestate as soil amendment increased the contents of vitamin
C, phenols, and flavonoids in tomato fruits [64]. Furthermore, some research has indicated
that the proper application of digestate can prevent the spread of soil-borne illnesses and
may even lessen nutrient runoff, all while preserving crop productivity [65].

This waste treatment process outperforms ordinary compost when applied as a soil
biofertilizer. Anaerobic digestion is recommended over composting and landfilling to treat
and dispose of high-moisture biomass, such as food waste [66], because anaerobic digestion
releases fewer odours and greenhouse gases. Additionally, the production of high-value
products like bio-CNG (biogas) by anaerobic digestion might be economically advantageous
on a large scale [67,68]. Despite the aforementioned benefits, the food waste utilised as
the substrate for anaerobic digestion is typically a source of pathogenic microbes and
some pathogens, such as Listeria and spore-formers, can survive the anaerobic digestion
treatment and remain in the digestate, posing potential hazards to the environment, and
cause serious illnesses in both humans and animals [69,70]. The incorrect calculation of
fertilizer dose and nutrient availability can result in improper biofertilizer application and
imbalanced release of nutrients that could compromise soil quality and crop growth [66,71].
The high water content of the digestate poses challenges and increases transportation
and storage costs. [61]. Consequently, an existing need exists to increase the suitability of
anaerobic digestate as a bio-based fertilizer. Moreover, the high capital cost required for
anaerobic digestion is a common challenge for the implementation of this technology [68].

2.3. Bioconversion

Biotransformation, also called bioconversion is the process of converting organic
resources, for example, biomass from animal or vegetative waste, into marketable products
or renewable energy sources via biological reactions or agents, such as microbial species,
enzymes, etc. [72]. Bioconversion of food wastes involves converting them into value-added
products which include feed and food additives, bio-based fuels, animal feeds, enzymes,
food-grade pigments, fertilizers, single cell protein (SCP), and other useful biochemicals or
bioproducts thereby improving food security and supporting sustainable development [73].
Bioconversion has various advantages, including high value in terms of biomaterial and
energy recovery, reduction in landfill areas, lower technology costs, and increased farmer
income through sales of agricultural/horticultural waste [74].

Numerous scientists explored the production of useful products, through the utilisa-
tion of food wastes, as an alternative source of raw materials. For example, the production
of single-cell protein via fermentative bioconversion is intended to address global protein
deficits and has demonstrated huge benefits because it is not reliant on climate, soil health,
and land available for cultivation [75]. For the production of single-cell protein, food waste
is broken down into simpler compounds by microbial cells like algae, yeast, bacteria, and
fungi during fermentation, which produces high-quality protein sources for consumption
by fish, livestock, and humans [76,77]. SCP can be a good substitute for expensive conven-
tional protein sources like soy meal as well as protein-based ingredients included in the
formulation of animal feed such as fishmeal and meat meal [78]. Research has demonstrated
single-cell protein production from waste derived from oranges, lemon, corn stover [76],
pineapple, mango, banana, apple, cashew apple, jackfruit, cacao, pomegranate [79], cheese,
coffee [80], and fish [75]. On the other hand, regulatory obstacles and uncertainties about
the safety of the products in relation to harmful or antinutritional substances still exist. In
addition, it is critical to assess the environmental sustainability of these waste-to-nutrition
processes at an early stage when attempting to substitute traditional food ingredients
such as proteins to prevent undesirable implications and burden-shifting [77].
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A fed-batch fermentation process combined with in-situ separation was carried out
for the bioconversion of restaurant leftovers and bakery waste by Starmerella bombicola
ATCC 22214 into sophorolipids. Although this method proved to be practical with high
productivity, further optimisation of the separation process could be applied at an indus-
trial scale [81]. Sophorolipids are biodegradable molecules with great potential for use
in the food and agricultural sector to compete with chemical surfactants [82]. Potential
applications include increasing crop productivity by enhancing the solubility and mobil-
ity of nutrients [83], and the development of bio-preservatives and active packaging for
food safety enhancement due to their effective antimicrobial properties [84,85]. Fed-batch
fermentation was equally employed to produce vinegar from discarded onion juice by
microbial fermentation using Acetobacter tropicalis KFCC 11476P [86]. Fermentation tech-
niques, particularly, solid-state fermentation (SSF) is a widely researched and effective
procedure for the bioconversion of agro-industrial food waste, which produces inexpensive
enzymes, organic acids, vitamins, fermented feeds and aroma compounds [87,88]. SSF
offers the following advantages: lower production cost, a higher output, less amount of
waste generated, simpler equipment design, and organic culture media produced with
solid food/agricultural waste [89]. Compared to alternative fermentation methods, SSF has
many benefits, including improved end-product recovery, superior product activity and
quality, the absence of extraction solvents, and greater product stability and efficiency [90].
In addition, SSF is an efficient method for degrading antinutritional factors and insoluble
macromolecules, improving nutrient utilisation and uptake [91]. Li et al. [86] investigated
the use of Saccharomyces cerevisiae, Candida utilis, and Yarrowia lipolytica in SSF for the bio-
conversion of food waste obtained from a canteen to prepare fermented feed destined
for crayfish farming. The study highlighted that replacing the basal diet with 30% of the
food waste-derived fermented feed is suitable for crayfish growth [87]. SSF was previously
investigated for the production of the packaging material poly-3-hydroxybutyrate (PHB)
using a medium containing sugarcane molasses [92]. Moreso, food and kitchen waste
were also tested to produce PHB by five different microbial consortiums. Consortium
A, which consisted of three Bacillus species (B. pumilus MPTDFH, B. cereus MPTDC, and
B. sonorensis MPTD1), yielded the highest PHB concentration (0.91 g/L) [93]. Although
SSF is an attractive technology, several challenges need to be addressed. For instance, the
low moisture content of the waste substrates used in SSF inhibits enzymatic activity and
restricts the transport of nutrients and metabolites, leading to a slower microbial growth
rate. Additionally, SSF is limited to microorganisms that have the ability to survive in low
moisture conditions [94].

A rather novel waste valorisation approach, insect-based bioconversion, has been
recently explored for the manufacture of valuable products following insects’ breakdown of
food waste. During this process, value can be created at several stages, for example, the elim-
ination of food waste enables a reduction in disposal expenses, selling insect-based biomass
as protein-rich food and feed, commercialisation of fractionated secondary products (i.e.,
biomolecules), and selling the leftover bio-converted by-product as soil amendments for
agriculture/horticulture [95]. In contrast, consumer acceptance of the produced goods is
one of the challenges that insect-based food waste valorisation techniques face [96]. Using
food waste as a feed source in insect farming has several environmental and economic
benefits. Firstly, many insects, including grasshoppers, flies, and crickets, thrive on leftover
food that humans and livestock cannot consume. Secondly, introducing insects into human
diets helps to achieve a bioeconomy by utilising food that would otherwise be wasted to
feed the insects, which people then eat. Moreover, this would help maintain a balance
between the world’s supply and demand for animal protein [97]. Hermetia illucens (black
soldier fly) is an excellent insect for bioconversion. This insect has a short reproductive
cycle and the larvae have a high food conversion rate, an insatiable appetite and may
eat a variety of organic waste, including food waste [98]. Black soldier fly larvae (BSFL)
have received a lot of attention because they have good nutritional value. They have high
quantities of lipids, proteins, minerals, vitamins and essential amino acids [99]. This makes
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them good edible insect candidates to be included in the human diet, particularly because
they are good sources of proteins and can contribute to meeting the increasing protein
demand. However, Bessa et al. [100] argued that there are several existing challenges that
slow down the adoption of BSFL as a safe food source for human consumption. Consumers
are willing to consume BSFL as processed food but little is known about its food safety
since BSFL has been used predominantly as animal feed. Figure 2 below illustrates the
bioconversion process of food waste by BSFL.
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Despite these advantages, insect rearing can produce huge quantities of low-value
organic waste, including frass, exuviae, and uneaten feed, often disposed of by spreading
on farmlands [96]. To prevent potential hazards, researchers have expressed their concerns
and recommended further studies before implementing large-scale insect-based valorisa-
tion and commercial cultivation of insects. This is because some insects contain substances
that are toxic to human beings, such as cyanide or thiaminases, which reduce their nutri-
tional value. Therefore, ecological studies on selecting safe species for domestication and
consumption must go hand in hand with research on the nutritional content and safety of
insects for food and feed applications. Concerns have also been raised about the threat of
ecosystem imbalance from insects that escape from insect farms [101].

2.4. Upcycling Food Waste

Upcycled food is a novel idea in the arsenal of strategies for reducing/valorising food
waste. Upcycled foods are formulated with ingredients that usually are not intended for
human consumption, such as damaged (rejected) food, underutilised food parts, residues,
by-products, and food processing and preparation leftovers and waste. Upcycling, there-
fore, results in an increase in the value of the waste material and by-products by processing
them into functional and nutritive ingredients that can be reintroduced in the food sup-
ply chain as components of new food items. Upcycled ingredients/foods are sometimes
referred to as waste-to-value food products or value-added surplus products. [102–104].
The production of upcycled foods (Figure 3) makes use of ingredients that are still usable
but are generally thrown away [105]. For instance, the peel is typically removed before
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consuming carrots. However, the discarded carrot peels are healthy and safe to consume
and can be repurposed as an ingredient in other foods, such as a powdered vegetable soup
mix prepared from dried peels [106].
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Food losses such as fruit and vegetable by-products, among others, are sources of high-
value nutrients (e.g., bioactive compounds and dietary fibre) that can provide nutritional
benefits to consumers. Trigo et al. [107] analysed grape pomace and pomegranate peel
and found relatively high antioxidant activity and total phenolic content. The previously
mentioned attributes are likely responsible for the frequent application of food processing
by-products in a variety of fortified foods, including sauces, beverages, dairy products,
pastry, and animal products [107].

Some producers of upcycled ingredients/foods are releasing their finished products
on the market. Examples of companies and products include Coffee Cherry Company
(US) and Kaffe Bueno (Denmark), which use coffee grounds in making baked products.
Remashed (UK) and Regrained (US) are upcycling spent grains from beer production to
produce granola bars, and the leftover generated from rapeseed or sunflower oil processing
is converted into food-grade protein-rich powders by Planetarians (US) and NapiFeryn
BioTech (Poland) [104]. The Upcycled Food Association initiated a scheme to certify
upcycled ingredients and foods to make it easier for producers to manufacture these
foods [102]. These foods offer an appealing economic and environmental response to partly
alleviate the food waste issue. Upcycling waste to the food industry is a major circular
economy concept that is consistent with policy trends favouring ‘closing the loop’ in major
sectors, including food and agriculture [44], hence, simultaneously taking advantage of
nutrients (e.g., protein and fibre) that are still present in the waste material and creating
a circular food system [106]. Another advantage is that the upcycled food sector seeks to
utilize the whole waste resources in place of extracting bioactive ingredients and nutrients
from food waste, resulting in a net reduction of food waste [108].

Although upcycled foods can reduce food waste and improve food security, there is
limited knowledge of the ideal marketing approach to maximize consumer acceptability
for these products [105]. Regarding consumers’ perceptions, one of the greatest concerns
is that they may imagine the products are less valuable than they are. This may result
from one’s association with garbage, which is typically considered useless and frequently
considered repugnant and harmful. This view might also lead to the fear that upcycling
may give rise to foods with diminished quality and safety [103]. Moreover, neophobia
might lead to the reluctance of consumers towards these novel products [106]. Creating
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a label that could be added to the item’s packaging formalizes the concept of “upcycled
food”. Similarly to existing labels such as clean or sustainability labels, this label would aid
the buyer in making a purchasing decision by emphasising the benefits of “upcycling” to
promote a circular economy [109]. The upcycled food market appears to have significant
growth potential, as 85% of consumers in the UK would be open to purchasing foods
and beverages that contain upcycled ingredients. In another study in Italy (2020), 56%
of participants claimed they would purchase a food item manufactured with waste or
by-products. If the food produced using wastes or by-products additionally had a lower
production-related environmental burden, this percentage increased to 69%. [104]. Also,
when potential consumers are informed that upcycled foods can be helpful to reduce food
waste, they are prepared to pay a higher price [110]. Therefore, upcycling could respond to
a significant market desire for sustainable development [109].

Table 1 summarises some waste valorisation strategies used in the manufacture of
products as well as their potential applications in the food industry.

Table 1. Value-added products obtained from various food waste sources and their potential use in
the food industry.

Food Waste Type Processing Method Product Application Reference

Tomato skins and seeds Supercritical CO2
extraction Trans-lycopene Colouring and antioxidant

agent [111]

Soy molasses Solid-state fermentation Single cell protein Protein supplement in
animal feed [112]

Yam peels Solid state fermentation Citric acid Food additive (flavouring
and preservative) [113]

White bread waste Enzymatic hydrolysis Growth substrate Baker yeast production [114]

Potato peel Ethanolic extraction
coupled with heat

Antioxidant
(polyphenols and

flavonoids)

Preservative
(controls oxidation) [115]

Rice, noodles, vegetables,
and meat waste obtained

from a cafeteria
Anaerobic fermentation Volatile fatty acids Production of bio-based

food packaging material [116]

Mixed beverages and food
waste (fruit juices, energy

drinks, soft drinks, oatmeal
and potato chips)

from retailers

Enzymatic saccharification Sugar-rich hydrolysate
Production of liquid

sweetener (i.e.,
high-fructose syrup)

[117]

Bakery waste (cake skins,
cake waste, and expired

breads and cakes)
and eggshells

Composting Compost Agricultural fertilizer [118]

Rejected unripe
plantain pulp

INFOGEST static in vitro
simulation of

gastrointestinal
food digestion

Isomalto-
oligosaccharides

syrup
Prebiotic compound [119]

Vegetable waste (rejected
carrots, carrot steam peels,
green beans cutting waste,

leek cutting waste and
celeriac steam peels)

Extraction with ethanol
and acetone,

and fractionation
Pectin Functional food ingredient

and gelling agent [120]

Food waste from restaurants Batch and continuous
Fermentation Lactic acid

Food ingredient
(preservative flavouring)
and bioplastic (poly-lactic

acid) production

[121]

Mussel meat waste Enzymatic hydrolysis Extract rich in proteins
and bioactive peptides

Functional food ingredients
with antioxidant and

anti-hypertensive properties
[122]
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3. The Impact of Food Waste Valorisation on Achieving Zero Hunger

Targets 2.1–2.5 of SDG 2 are directly related to food security and the sustainability of
food production with Target 2.4 focusing on the sustainable production of food. According
to the World Resource Institute (WRI), in order to produce sustainable food and feed
10 billion people by 2050, food losses would have to be reduced by 25% [123]. This decrease
would not only contribute to achieving “zero hunger” but would also significantly reduce
the environmental impact of food production [124]. The planet produces sufficient food
to feed all individuals, but it is distributed unevenly and sometimes handled improperly,
resulting in losses and waste [125]. The social consequences of food waste are linked
to nutritional loss and global hunger. The squandered food could theoretically provide
millions of people with missing nutrients. Food waste is regarded as an important reservoir
of major nutrients including proteins, complex carbohydrates, lipids, and phytochemicals
due to its high quantities of polysaccharides, dietary fibres, oils, vitamins, phenolics,
carotenoids, and other compounds. In case the necessary measures for lowering food waste
are not adopted, and food production and consumption are inadequately planned, the
estimated world population of more than nine billion people in 2050 will require about
60% more food or a minimum of 2 billion tons of food. Meanwhile, it is estimated that
cutting down on global food waste by half will enable a 20% reduction in the food gap in
2050 [126].

The food system can greatly benefit from waste valorisation strategies. In a circular
economy concept, anaerobic digestion and composting might serve as the mines for the
manufacture of organic fertilizers. Food waste-derived compost can be used as organic
fertilizers in cropping systems to improve degraded soil quality which is responsible for
lowering agricultural production [127,128]. Digestate is a well-known soil enhancer that
can address soil fertility issues, according to scientific research. Hence, these fertilizers
produced from food waste valorisation can increase the productivity of agricultural soils,
increasing food availability, contributing to food security and simultaneously reducing
the environmental impact of food waste accumulation and disposal [129]. Automatic
and electric composters are currently available for quick and efficient urban composting
of food waste in homes, restaurants, schools, and other catering facilities. It is becoming
increasingly common to manage food waste in such a manner while also producing a useful
product, giving rise to a profitable business opportunity [130]. Compared to conventional
inorganic fertilizers, food waste-based compost and anaerobic digestate provide a low-cost
alternative to supply nutrients in agriculture. Using food-waste-derived fertilizers reduces
the expenditures of agricultural producers and their dependence on industrially-produced
fertilizers [55,129].

Valorising or upcycling food has been presented as a technological solution that pre-
serves the nutritional and economic value of food waste and unwanted by-products [131].
Food security and social welfare can be enhanced by increasing availability and access to
healthy diets as well as increasing the revenue of those selling the food items. However,
this depends on how prices fluctuate due to waste diminutions because if prices collapse,
the population will have higher access to food, but farmers’ profits might suffer. Previously,
researchers found that reducing food losses by half will improve nutritional intake and
positively impact chronic health conditions like heart disease and type II diabetes [132].
The results of Chen et al., (2020) indicated that a 25–50% loss of the daily nutritional re-
quirements of several micronutrients (vitamins B6, C and K, Selenium, copper, zinc, Iron,
and Manganese) is embedded in food waste [133]. A study conducted in Kenya, Cameroon,
and India revealed that food loss and waste cause micronutrient losses. Hence, minimising
food losses, particularly at the post-harvest level in developing countries, could improve
nutritional status through higher consumption of micronutrients like iron and vitamins
A and C [134]. Chitin and chitosan obtained from the waste of crustacean farming have
a significant potential for use as food packaging materials, food additives, fruit preserva-
tives, and nutritional supplements. Moreover, the US Environmental Protection Agency
presented a scientific review in August 2019 recommending chitosan’s incorporation to
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the list of minimum-risk ingredients in pesticide formulations, promoting the safety and
eco-friendliness of chitosan-based insecticides, and increasing their agricultural market
prospects [135]. The addition of nutrient-rich upcycled ingredients to basic foodstuffs
would improve restrictive diets like gluten-free diets, which are known to be lower in fibre
and higher in saturated fats. For instance, adding plant-based food waste and by-products
to gluten-free pasta raises the amount of protein, dietary fibre, and micronutrients in such
items [108]. In a world with finite resources and a rising population, food and nutrition
security can only be accomplished by more sustainable resource utilisation, as well as
changes in human consumption and production habits, such as reducing or, ideally, elimi-
nating food losses and waste [133]. Hence, by reducing food loss and waste along the food
supply chain, zero hunger could be achieved more rapidly.

3.1. Industrial Case Studies of Food Waste Valorisation Initiatives
3.1.1. Insectipro: Production of Protein-Rich Feed for Animal Farming

In Sub-Saharan Africa (SSA), there are significant food waste issues, with nearly 50%
of produced fruits and vegetables being lost or discarded. In Kenya, estimates suggest that
30% of the production is rejected at the farm stage, and 50% is rejected before it is exported.
Additionally, across the nation, farms and packaging facilities reject around 44.5% of the
food that is produced. In addition to decreasing farmers’ and exporters’ income, this high
rejection rate ultimately results in the production of enormous amounts of food waste,
whose management and disposal are expensive [136]. Africa’s population is expected to
reach 2.53 billion people by 2050, increasing demand for food and protein to levels that
the existing linear food system may not be able to satisfy. In East Africa, insect farming
is a fast-expanding industry with the potential to contribute to economic circularity by
supplying consumers with ‘climate-smart’ proteins and additional nutrients and generating
an income stream for producers [137]. Black soldier fly production by Insectipro (Kenya)
is renowned for being an effective approach to providing sustainably produced animal
proteins. The organization also solves challenges regarding organic waste management
while using insects to sustain Kenya’s food supply [138]. The black soldier fly breaks down
a multitude of biological waste into high-value biomasses like proteins and oils [139]. It has
been identified as one of the most effective recyclers of a variety of organic waste, including
food waste, fruit and vegetable waste, slaughterhouse waste, and human excrement [140].
Black soldier fly larvae have a high affinity for avocado and mango waste. The dried larvae
are abundant in protein and are ground into feed suitable for livestock, poultry and fish
farming [141]. The activities of Insectipro provide numerous benefits to the Kenyan farming
sector while making the country more food secure. Insectipro conducted field trials by
administering their feed on a pig farm, and it was observed that the animals gained weight
at a quicker rate. While following this insect-based diet, the weight gain was one month
faster compared to when utilising a conventional feed. Additionally, the pork was of higher
grade, and the farmer could sell it at a superior price. Furthermore, the demand for this
feed increased during the pandemic while the borders were closed as the company could
provide a locally-produced alternative to farmers [141].

3.1.2. Okara: A Waste Product Turned Valuable Food Ingredient by Renewal Mills

The supply chain for functional foods has seen a growth in the market potential of
soy-based products due to rising interest and public knowledge of the health advantages
of soy-based products’ consumption. Okara (also known as soybean paste) is the insoluble,
pale-yellow by-product obtained during the manufacturing of soy milk, soybean curd, or
tofu. The accumulation of this soybean waste presents a major challenge to the soybean
processing sector since 1.2 kg of wet (fresh) okara is produced from every kilogram of
soybean used to make tofu or soy milk [142]. Despite being a rich source of fibre, protein,
calcium, potassium, isoflavone, polysaccharides, vitamin B, antioxidants, and lipid-soluble
nutritious components, tremendous quantities of okara are discarded. Okara waste dis-
posal is costly and has a negative impact on the environment due to putrefaction and
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greenhouse gas emissions [143]. Therefore, converting this highly nutritious “food waste”
into a nutrient-encapsulating matrix for food applications is a viable idea for okara waste
management and a cost-effective and sustainable approach to addressing micronutrient
deficiencies [144]. Renewal Mill is an upcycled food company in the United States that man-
ufactures ready-to-use flour made with okara [145]. Okara flour is a gluten-free product
that mimics the taste and appearance of white flour and can be used alone or in conjunction
with other types of flour. It is a delectable, easy-to-use and versatile superfood providing
considerable nutrients. Okara flour has a lower net carbohydrate content compared to
white flour. In the majority of recipes, replacing 25% of wheat flour with okara flour
delivers a product with a protein and fibre content equivalent to that of whole grain flour.
The caterers that collaborated with Renewal Mills had excellent results in developing novel
recipes with okara flour, including okara dumplings, pulled noodles, and okara-stuffed
puff pastries [146]. Table 2 provides examples of waste valorisation initiatives by the private
sector that develop value added products that can re-enter in the agri-food supply chain.

Table 2. Overview of innovative food waste valorisation projects and their developed products.

Organisation Name (Country) Food Waste Products Reference

Regrained (United Sates) Brewers’s spent grain Flour substitute (SuperGrain+) [147]

RISE Products (United Sates) Brewers’s spent grain Functional flour substitute [148]

Peel Pioneer (Netherlands) Citrus peels essential oil (D-limonene) and
natural fibres [149]

PermaFungi (Belgium) Spent coffee grounds oyster mushrooms, chicory, compost, and
innovative organic material [150,151]

Nutripeople (Spain) Surplus fruits Low-cost and shelf-stable fruit purees [152]

The Reflow Project (Ireland,
Spain, France, Sweden,

Netherlands)
Dairy-processing wastewater phosphorous-rich fertilisers [153]

Upprinting Food (Netherlands)
Various waste sources (e.g.,

banana peels, the green leaves
of leeks)

3D printed biscuits [154,155]

CARAPAC (Australia) Crustacean waste biodegradable substitute for plastic
food packaging [156]

4. The Challenges of Implementing Food Waste Valorisation

The challenges of implementing food waste valorisation strategies are indeed complex
and multifaceted. These challenges can be divided into several sections.

4.1. Financial Constraints and Resistance to Change

Financial input and resistance to change pose significant barriers to the implemen-
tation of food waste valorisation technologies [157]. Implementing these technologies
often requires substantial investment, which can be a deterrent for many organisations.
Furthermore, resistance to change from existing methods and practices can impede the
adoption of new valorisation processes. High processing costs and overall process viability
are additional challenges that need to be addressed [43,158]. The costs associated with
transportation and storage of waste, as well as the expenses related to traditional extraction
procedures, can hinder the cost-effectiveness of food waste valorisation. These challenges
make it difficult for valorised products to compete with conventional alternatives.

4.2. Technical and Regulatory Obstacles

Technical difficulties in converting extracted substances into value-added products, es-
pecially on a large scale, pose further obstacles to effective food waste valorisation [43,158].
Scaling up the conversion of extracted substances into marketable products requires
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the development of efficient and scalable processes. Additionally, the lack of a robust
regulatory framework for handling waste further complicates the implementation of
valorisation strategies.

4.3. Heterogenous Composition of Food Waste

The composition of food waste is not uniform, exhibiting significant seasonal, geo-
graphical, and nutritional variations [159]. These variations make it challenging to deter-
mine which valorisation technology is the most suitable for scaling up. Developing smart
approaches to overcome these composition inconsistencies is crucial to effectively utilize
food waste in valorisation strategies [160].

4.4. Unavailability of Food Waste Generation Data and Quantification Difficulties

There is a lack of published data on food waste generation, particularly in underdevel-
oped regions. This knowledge gap hinders our understanding of the disparities in food
waste between regions and the associated nutrient loss and ecological consequences [161]. It
is essential to identify and measure food waste generation to determine suitable valorisation
techniques and identify the main resources required for processing value-added products.
Identifying hotspots of food losses and waste generation can help prioritize food supply
chain stages and types of waste with the greatest valorisation potential, facilitating targeted
reduction efforts [162]. It is important to acknowledge that the definition of food losses
and waste can vary based on the policy target and the conceptual frameworks used. These
variations can influence the quantification methods and measurement of food waste [163].
Therefore, it is necessary to consider regional needs and perspectives when developing
waste valorisation technologies to ensure their sustainability and effectiveness [160].

4.5. Quality and Safety Challenges

Ensuring the quality and safety of valorised waste and by-products is critical. Food
waste can harbor germs, organic residues, water content, and chemical contaminants that
may pose health risks [158]. Legislation, regulations, and scientific studies are necessary
to establish standards and protocols for the safe and high-quality valorisation of waste.
Additionally, addressing consumer concerns regarding the safety and acceptability of
valorised products through targeted education and awareness initiatives is crucial for
large-scale implementation [66,108,164].

In summary, implementing food waste valorisation strategies involves addressing
various challenges, including financial input, resistance to change, high processing costs,
technical difficulties, regulatory frameworks, compositional variations, data gaps, and safety
considerations. A multidisciplinary approach, collaboration between industries and public-
private partnerships, and investment in research and development are crucial for overcoming
these challenges and creating sustainable food waste valorisation solutions [165,166].

5. Conclusions

Food loss and waste are global challenges requiring comprehensive and targeted solu-
tions. While various stakeholders are increasingly interested in this topic, it is concerning
that food waste generation continues to rise, leading to increased hunger and malnutrition
worldwide. Addressing these issues necessitates the production of more food in a safe and
eco-friendly manner while effectively managing food waste.

To achieve these goals, it is crucial to implement mass-scale food waste valorisation
strategies. Emphasising the circular bioeconomy as a key innovation concept can unlock
additional benefits from waste valorisation strategies, creating economic value from food
losses and waste. This approach capitalizes on the composition and nutritional charac-
teristics of food waste and inedible foods, enabling their reintegration into the food and
agriculture industries, thereby contributing to food security and combating hunger.

The study highlights the promising potential of food waste valorisation initiatives that
focus on developing products for reuse in food and agricultural production operations.
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However, it is important to acknowledge that food waste composition and environmental
impacts vary among different nations, necessitating tailored waste reduction strategies
for each country. As public awareness increases, the market for waste-to-value goods is
expected to expand, driving technological advancements in food waste valorisation and
fostering positive consumer perception.

Increasing investment and support are necessary to fully realize the benefits of food
waste valorisation and achieve zero waste in food production and consumption. Research
efforts should focus on addressing safety concerns and the heterogeneous composition of
food waste to optimize its valorisation. Without adequate research, the potential to produce
high-quality food-grade products from food waste will be limited, impeding the progress
toward zero hunger.

Finally, it is crucial to prioritize specific issues related to food loss and waste in the
conclusions. By implementing targeted and research-driven strategies, such as mass-
scale valorisation initiatives and tailored waste reduction approaches, we can significantly
reduce food waste, ensure food security, and achieve zero hunger. Increased investment,
technological advancements, and public awareness will be key drivers of progress in the
field of food waste valorisation.
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