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Abstract: Planet Earth is under severe stress from several inter-linked factors mainly associated
with rising global population, linear resource consumption, security of resources, unsurmountable
waste generation, and social inequality, which unabated will lead to an unsustainable 21st Century.
The traditional way products are designed promotes a linear economy that discards recoverable
resources and creates negative environmental and social impacts. Here, we suggest multi-disciplinary
approaches encompassing chemistry, process engineering and sustainability science, and sustainable
solutions in “game changer” challenges in three intersecting arenas of food: Sustainable diet,
valorisation of unavoidable food supply chain wastes, and circularity of food value chain systems
aligning with the United Nations’ seventeen Sustainable Development Goals. In the arena of
sustainable diet, comprehensive life cycle assessment using the global life cycle inventory datasets and
recommended daily servings is conducted to rank food choices, covering all food groups from fresh
fruits/vegetables, lentils/pulses and grains to livestock, with regard to health and the environment,
to emphasise the essence of plant-based diet, especially plant-based sources of protein, for holistic
systemic sustainability and stability of the earth system. In the arena of unavoidable food supply
chain wastes, economically feasible and synergistically (energy and material) integrated innovative
biorefinery systems are suggested to transform unavoidable food waste into functional and platform
chemical productions alongside energy vectors: Fuel or combined heat and power generation. In
the arena of circularity of food value chain systems, novel materials and methods for plant-based
protein functionalisation for food/nutraceutical applications are investigated using regenerative
bio-surfactants from unavoidable food waste. This circular economy or industrial symbiosis example
thus combines the other two arenas, i.e., plant-based protein sourcing and unavoidable food waste
valorisation. The multi-disciplinary analysis here will eventually impact on policies for dietary
change, but also contribute knowledge needed by industry and policy makers and raise awareness
amongst the population at large for making a better approach to the circular economy of food.
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1. Introduction

Global megatrends such as increasing population, urbanisation and industrialisation in developing
countries, and lack of political will to reduce consumption in developed countries will significantly
impact resource security. Crude oil, a finite resource itself, should not be our ‘go to’ feedstock for
chemicals, materials, and energy, which currently serve our daily lifestyles. It is imperative that we seek
innovations in bioresources, biorefineries, and bio-based circular economies to reduce waste and primary
resource consumption and retain resource within value chains [1–3]. For example, the Organisation for
Economic Co-operation and Development (OECD) recognizes the need to focus on biological resources
for sustainability, food security, and nutrition [4], which are high on the global political agenda [5].

We have been for far too long developing business and economic models built upon so called
linear economy, following a “take-make-waste” strategy, which is now recognised as being resource
intensive and wasteful. The Ellen MacArthur Foundation seeks to develop regenerative circular
economies that thrive within finite resources of the Earth, generating zero waste [2]. Food supply
chain systems need to be circular and resource efficient to reduce or eliminate avoidable waste [6].
Unavoidable waste from food manufacturing and processing systems can be valorised into high value
functional products, through advanced synergistically integrated engineered optimised systems coined
as biorefineries, alternative to petroleum-based systems, but more efficient, flexible, and adaptable than
petroleum/petrochemical systems [7]. We need to adapt engineering design optimisation proficiency
for sustainable development of biorefinery systems so as to embrace the principles of circular economy
and industrial symbiosis. Industrial, municipal (household, office, and commercial settings), and
public sector organisations can interact through waste/byproduct/low value stream exchange and
sharing of infrastructure for better environmental performance [8]. Circular economy models can be
built upon “trust, confidentiality, openness, equality and cooperation”, “connecting flows of energy,
water and materials, at the same time promoting the symbiotic mindset to others, on all geographical
scales, from local to global” to eliminate wastes from value chains, as well as for reliance towards
climate change impact and finite resources [9]. In the present context of unsurmountable municipal
solid waste generation, material recovery facilities that include automated physical or mechanical
sorting to segregate waste to direct into various sectors and chemical transformation to turn waste into
added-value resources offer a sustainable circular economy prospect leaving behind no waste [10,11].
This way a closed loop economy can adhere to the valorisation hierarchy, in the order of decreasing
priority, prevent, reduce, reuse, recycle, and energy recovery. However, the industry is neither ready
to take products back after use, for multiple reuse, when applicable, after repair, nor is there enough
incentive for consumers to bring back products to the industrial provider at the end of life [12]. As
such, business models to support product service systems or reuse to date are limited. Ironically, the
waste to energy recovery at the bottom of the valorisation hierarchy often receives the various fiscal
incentives such as Feed-in-Tariff, Renewable Heat Incentive, and Renewable Transport Fuel Obligation
depending on the end product, electricity, heat, and fuel [13]. These evidences show the lack of clarity
or ambiguity in existing waste disposal policy and the need for clear policy strategies that support the
valorisation hierarchy for resource circularity and upcycling.

Here, we discuss effective strategies that embed circular economy principles to avoid the need
for fiscal incentives to tackle three intersecting game changer challenges in the food system for a
sustainable 21st Century. Focus is given on sustainable food choices, in particular the shift from
livestock protein to plant-based protein, methods, and materials for protein functionalisation and
valorisation of unavoidable food waste in biorefineries. These challenges are a game changer, because
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of their global environmental impact. For example, livestock is the main driver of climate change
impact [14] and alternative plant-based diet is sought to mitigate climate change impact [15]. If, food
waste was a mythical country, then it would be the third largest emitter of greenhouse gases. Waste
across food supply chains needs to be reduced and eliminated [16–18]. Valorisation of unavoidable
waste from food manufacturing processes through eco-innovative integrated biorefinery systems is
imperative to align with or exceed the United Nations Sustainable Goals [1,7,10,11]. We advance the
present state of knowledge [19–22] in three intersecting arenas of food in a synergistic manner by
analysing environmental footprints of food choices using the holistic whole system life cycle assessment,
illustrating protein isolation pathways from plant-based sources and design-conceptualising sustainable
biorefinery systems to valorise unavoidable food waste for a circular economy.

2. The Arena of Sustainable Diet

This section investigates the savings in life cycle environmental impacts as a consequence of
moving from livestock to plant-based diet using recommended daily serving as a basis. This life
cycle assessment study is needed to justify why alternative routes of extracting plant-based protein is
important for a sustainable 21st Century.

Life cycle assessment is a powerful scientifically robust approach for environmental analyses to
compare between systems. Life cycle assessment of food has been conducted, however, not considering
all food choices [6]. This is the first time global inventory datasets of all food choices are investigated
for rigorous life cycle impact characterisations in 15 environmental impact categories. These highly
granular results are normalised into four comprehensive environmental damage categories, i.e.,
resource depletion, climate change, ecosystem degradation, and human health. The analyses carry
strong evidence that a diet shift towards plant-based is a necessity, not only to mitigate climate change
impact, but also to mitigate impacts on human health, ecosystem, and finite primary resource available
on earth. Thus, the analyses presented in this section justify the deep investigation of the plant-based
protein extraction methodologies applying the circular economy and industrial symbiosis principles.

The life cycle assessment of livestock shows that the production stage contributes 67%–85% of the
life cycle global warming potential impact of milk [23], poultry [24], and meat [25]. Many have argued
that “landless” production of animals for human consumption is a fallacy, because their production
itself remains the major cause of climate change impact, primarily due to methane produced by cattle.
Methane generation by cattle is followed by field nitrous oxide emissions for the growing feed for
animals. Based on 732 ml recommended daily serving of milk for adults in the USA [26], and a global
warming potential of 0.4 kg CO2 eq. (carbon dioxide equivalent) per litre of industrially produced milk
consumption [23], the global warming potential is estimated to be 0.3 kg CO2 eq. per day per adult.
Based on 45–56 g protein per day, reference intake by woman and man and 37% of protein sources from
meat and meat products in the diet of UK adults, by the British Nutrition Foundation [27], 26–27 g
protein per 100 g lean beef or pork, and a global warming potential of 46.2 and 6.1 g CO2 eq. per g
beef and pork [25], the resulting global warming potential is estimated to be 3–3.7 and 0.38–0.47 kg
CO2 eq. from beef or pork consumptions per day per adult, respectively. Therefore, beef consumption
can have ten times more global warming potential than milk or pork consumptions. This amount of
beef consumption is equivalent to driving 11–13 miles per day a modern compact petrol car. Using
a similar nutritional analysis and global warming potential of 5.4 g CO2 eq. per g poultry [25], the
resulting global warming potential can be 0.3–0.4 kg CO2 eq. from poultry consumption per day per
adult. Thus, by shifting from beef to poultry as the reference nutrition intake, the resulting global
warming potential can be slashed by nine times. Furthermore, plant-based protein acquisition can
halve the global warming potential resulting from poultry [28]. To rank the various food choices from
environmental perspectives in a holistic manner, Figure 1 is illustrated for globally recognised food
choices, from livestock to plant-based.

To produce Figure 1, the life cycle impact assessment (LCIA) methodology IMPACT 2002+ V2.12 [29]
and Ecoinvent 3.0 database [30] are applied. There are numerous LCIA methodologies to analyse
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environmental aspects according to the International Organization for Standardization ISO14040-44 [7].
The IMPACT 2002+ V2.12 methodology developed by Swiss, Canada, and the US researchers account for
fundamental environmental impacts, which can be effectively grouped into four main damage categories
that are accessible to industry and policy makers. Climate change (kg carbon dioxide equivalent) includes
the global warming potential. Resource depletion (MJ) includes fossil or nonrenewable energy and
mineral extractions that are nonreplenishable. Human health (Disability-Adjusted Life Year or DALY, the
metrics used by the World Health Organisation (WHO)) and ecosystem quality (PDF.m2.y, where PDF is
the potentially disappeared fraction of species) have an overlap of primary impacts such as ozone layer
depletion, photochemical oxidation and water turbined, withdrawal and consumption. Human health
additionally includes aspects of human toxicity, respiratory effects, and ionisation radiation. A range
of aquatic and terrestrial impacts in addition to the above determine the ecosystem quality. Thus, the
damage factors effectively account for all plausible environmental aspects.
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Figure 1. Life cycle environmental impacts (normalised, weighted, and scaled; daily serving applied)
of food choices in chronological order.

In generating Figures 1 and 2, an attributional approach has been applied, in which burdens are
attributed proportionally at the point of substitution [30]. Global inventory datasets are extracted for
all food choices. Impact characterisation allows evaluations in 15 environmental impact categories,
which are normalised into four environmental damage categories, i.e., resource depletion, climate
change, ecosystem quality and human health, and weighted according to their relative importance
in the context of global sustainability [29]. Recommended daily servings of individual food choices
are applied to their weighted normalised estimations of environmental damages: Resource depletion,
climate change, ecosystem quality, and human health. The weighted normalised environmental
damages applied with the daily servings of individual food choices are then scaled in min–max or 0–100
shown in Figure 1. The weighted normalised life cycle environmental damage characterisations of
food choices and daily servings (maximum global average per adult) are detailed in the Supplementary
Information. Furthermore, Figure 2 illustrates the % attributes of food groups, livestock, grain, fruit
and vegetable, and bean and lentil, to individual damage categories that account for their damage
factors and daily servings. It is evident that livestock is environmentally the most damaging compared
to any other food groups, in the three damage categories: Resource depletion, climate change, and
human health. Grains being the highest consumer of water have the highest attribution to ecosystem
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quality. This observation is in good agreement with [6]. This identifies the need for agricultural
efficiency enhancement, efficient use of soil nutrients, and efficacy of water use for enhancement in
environmental performance of grains.

  

(a) (b) 

  

(c) (d) 

Figure 2. Percentage attributes of food by groups, livestock, grain, fruit and vegetable, and bean
and lentil to individual damage categories that account for their damage factors and daily servings.
Recommended daily servings of individual food choices are applied to their weighted normalised
estimations of environmental damages: Resource depletion (a), climate change (b), ecosystem quality
(c), and human health (d).

The analysis clearly demonstrates that the highest environmental impact saving lies in the
displacement of livestock by plant-based (beans and lentils) for protein sourcing. Thus, we focus our
efforts in the protein component of human nutritional diet. In addition to environmental benefits,
a considerable economic benefit from plant-based diet is also expected. Recently, quoted in Nature,
plant-based options would require an additional investment of USD 15–25 billion by 2030, however,
would create better future business opportunities of USD 240 billion by 2030 and a further hidden cost
reduction by USD 240 billion by 2030 or USD 480 billion by 2050 [31].

Broadly, there are three types of scalable alternative protein sourcing routes:

1. Plant-based substitute and algae protein.
2. Insects and worms based.
3. Laboratory grown.

Pulses or legumes, e.g., lentils, chickpeas, beans and peas, and other vegetable-based sources of protein

such as tofu, bean curd, and mycoprotein are much evidence based on healthier and sustainable sources of
protein, (as well as other minerals such as calcium). Protein can be isolated in an integrated biorefinery
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configuration that also produces other added value products from biomass [1]. This aspect is further
discussed to set the background of the arena of protein isolation methods and materials.

3. The Arena of Plant-Based Protein Isolation: Materials and Methods

Figure 3 illustrates the processes to separate and purify protein (protein functionalisation) from
biomass [1], as well as from plant and the sustainability benefits that alternative plant-based diet offers.
Two amino acids, methionine (C5H11NO2S) and lysine (C6H14N2O2), may be lacking in certain vegan
sources. However, proteins abundant with these amino acids can be effectively isolated from some
other vegan sources such as temphe, seitan, lentils, black bean, quinoa, etc., and added to food (vegan
burger) or nutraceutical products. Highly regulated food with targeted functions to enhance wellbeing
and physiological responses to reduce risks of disease, in addition to fulfilling energy and nutritional
needs, can offer many benefits including the United Nations Sustainable Development Goals (SDGs),
in particular, SDG1: No Poverty and SDG2: Zero Hunger [32].

 

Plentiful seven 

essential amino 

acids in 

vegetarian 

sources: 
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isoleucine, 

leucine, 

phenylalanine, 

threonine, 
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Protein extraction in biorefinery configuration

Sustainability 
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pull carbon 

dioxide from the 

atmosphere

Increased 

biodiversity

Human health 

improvement 

both physical and 

mental

Ecosystem 

restoration
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Milling and grinding

Suspension in deionised water
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Ion exchange resins

Dialysis

Sap

Sediment

Minerals

Polysaccharides

Salt

Nutrients

Filtration

Structural polysaccharides / sugars / platform chemicals

Isolated protein

Figure 3. Plant sources of protein, their constituent essential amino acids, protein extraction protocol,
and sustainability benefits of plant-based diet.

Protein can be selectively isolated from biomass or plant for food or nutraceutical product [1]. The
various ways materials can be employed for protein separation and isolation for food or nutraceutical
applications are discussed as follows. This section investigates the process and chemistry of production
of these materials.
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Mesoporous silica materials: Ordered mesoporous (2–50 nm mesoscopic diameter) molecular sieves
give the opportunities for protein isolation and adjustment for modulation of food product with target
functionalities. The first effort in ordered mesoporous molecular sieves involved formation of layers
of silica, a few nanometres thick, in between the surfaces of cylindrical supramolecular assemblies
called micelles, a liquid-crystal structure reminiscent of a honeycomb [33]. Once silica layers form
between the micelles, the resulting material is heated in air to remove the surfactant, leaving behind
honeycomb crystalline nano-porous silica as product. The silica product can be transformed into
ordered mesoporous molecular sieves using bio-surfactant, metal oxides, organic polymers, and
transition metals. There are thousands of ordered mesoporous molecular sieves that exist to date,
however, only a few are applied to protein isolation for food or nutraceutical applications [34].

Two decades ago, Santa Barbara amorphous type material or SBA-15 and mesocellular silicious
foam or mesostructured cellular foam or MCF with (3-aminopropyl)-triethoxysilane as a functional
group were designed to extract protein of different sizes and ionic strengths [35]. SBA-15 is a
mesoporous silica sieve with uniform hexagonal pores of a narrow pore size distribution between 5
and 30 nm. MCF offers a wider pore size distribution, a tunable pore diameter three times more than
SBA-15. Under low ionic strength, these materials can selectively adsorb or sequester protein and
under high ionic strength, can release the adsorbed protein to come back to their original state [36].

Another class of mesoporous silica material, the family of M41S [37] such as “Mobil Composition
of Matter” or “Mobile Crystalline Material” MCM-41 and MCM-48, also show tunable pore size and
size distribution, stability, and regeneration property to lend themselves in novel applications of
protein separation for food or nutraceutical applications [34]. In addition to their desired morphology,
these materials offer selectivity and efficiency of protein separation. Thus, the important regeneration
property, as well as selectivity characteristics of SBA-15, MCF, MCM-41, and MCM-48 make them
distinctive and robust in the fields of protein isolation, with useful green synthesis applications such as
biosensors, enzymes, and enzymatic catalysis.

The sol gel method is used to prepare mesoporous material with an integrated network of
polymers from solution of monomers or integrated network of discrete particles from colloidal particles.
The process involves hydrolysis and polycondensation between precursor and solution of monomers
or colloidal particles. A liquid phase continuous network of polymers or particles called gel is
then formed. The final integrated network of polymers or discrete particles is obtained by drying
through evaporating the liquid. As discussed before, bio-surfactant, metal oxides, organic polymers,
or transition metals can be used as precursor.

Silylated mesoporous silica materials: Silylated mesoporous silica materials offer a more effective
way of separating protein. Three proteins of representative sizes: High conalbumin with high molar
mass 77,000, ovalbumin with medium molar mass 44,000, and trypsin inhibitor with low molar mass
14,000 have been investigated for sequestration and release by SBA-15 and MCF, both silylated with
(3-aminopropyl)-triethoxysilane as functional group [35]. Silylated MCF showed higher selectivity
for all three sized proteins, while silylated SBA-15 could only separate the low molar mass protein
and to a small extent the other two. This can be explained by the difference in pore diameter and size
distribution between SBA-15 and MCF. The applications of silylated SBA-15 and silylated MCF are
commonly for the synthesis of enzymes and enzymatic catalysis and biosensors [35]. Their essence
in the context of plant-based food product is in the adjustment of the quantities of limiting essential
amino acids. These sorbent materials can be designed to isolate proteins that have these amino acids
in abundance, from plant-based sources. The isolated protein can be added to the final plant-based
functional food product to provide all essential amino acids in correct proportions.

Silylation of mesoporous silica materials with a silylation agent such as
(3-aminopropyl)-triethoxysilane as functional group gives silylated mesoporous silica materials.
The silylation process involves derivatization or substitution of active hydrogen atom of ordered
mesoporous molecular sieves by a silyl group R3Si in the presence of an organic solvent under Ar
atmosphere. The process produces silylated ordered mesoporous molecular sieves, the characteristics
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of which are important for the success of protein sequestration and its subsequent release (isolation),
as well as regeneration of the silylated ordered mesoporous molecular sieves. Recyclable green solvent
and silylation agent should be selected allowing atom economy for protein isolation, as well as the
unit operations incorporating the silylated ordered mesoporous molecular sieves should be robust and
have a long life. Table 1 gives a list of representative recyclable green silylation solvents [38] and their
synthesis routes [7].

Table 1. Recyclable green solvents.

Solvent Synthesis Route

low molar mass alcohols, methanol, ethanol via fermentation route
ethyl lactate product of the reaction between ethanol and lactic acid
glycerol coproduct of transesterification producing biodiesel
glycerol acetals, glycerol triacetate, glycerol carbonate,
and alkyl glycerol ethers

derivatives of glycerol

2-methyltetrahydrofuran
catalytic hydrogeneration of controlled acid hydrolysis
products of lignocellulose

ionic liquid
anion exchange reactions between halide salts and Lewis
acids, however, controversial

supercritical carbon dioxide
carbon dioxide in supercritical phase above its critical
temperature and pressure

supercritical water
water in supercritical phase above its critical temperature
and pressure

deep eutectic solvents
combination between quaternary ammonium salts
(H-bond acceptors) and carboxylic acids (H-bond donors)

Bio-surfactant materials: Bio-surfactants or organic polymers are of interest from the renewability
and circular economy perspectives as these can be manufactured from renewable organic materials.
Bio-surfactant can be produced by fermentation of unavoidable food waste and recovered by
centrifugation as one of the microbial fermentation products, illustrated later. Bio-surfactants can
be a more benign way to partially or completely replace inorganic mesoporous materials for protein
isolation and separation. Bio-surfactant production by microbial fermentation can be an effective
way of extracting target amino acids in situ from the fermentation broth. The resultant product
can be a newer type of bio-surfactant with application in food or pharmaceutical industry or drug
delivery. Target proteins or amino acids attached to bio-surfactant can be recovered by calcination/
precipitation/extraction/chromatographic separation. The separation unit operations are at the heart
of the design of the protein functionalisation methods that cost up to 70% of the total capital and
operating costs [34]. Their optimisation (design configuration and operation, etc.) by systematic
process system engineering methodologies is imperative for cost-effective production of functional
protein [7]. Although these materials and methods hold a promise to deliver the UN SDGs by the
optimisation and re-design engineering of food systems, their full potential is yet to be realized in the
food processing industry [34].

Processes for protein isolation: Ion exchange columns and dialysis are employed for protein
isolation [1] (Figure 3). The resin or chromatographic solvent and dialysis membrane materials can be
(silylated) ordered mesoporous molecular sieves or bio-surfactant materials partially or fully replacing
inorganic mesoporous materials. The membrane and ion exchange columns can be regenerated to
bring back to their original state after each operation thus can offer a long lifetime. Using two units it
is possible to continuously operate a unit operation, wherein when one unit is in operation, the other
unit is regenerated. As well as the efficiency and selectivity of the processes, food safety must take the
priority in the selection of all the materials and methods, so that in any part of the process producing
the materials and the methods for protein functionalisation, there is no generation or consumption of
toxic chemicals and no chemical should be sourced from fossil resources.
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As a consequence of plant-based protein sourcing, farming land used for livestock can be substantially
reclaimed for forestation to maximise carbon dioxide capture and restoration from the atmosphere,
ecosystem conservation, and biodiversity [39]. By focusing on positive health benefits from mitigation
of global warming potential from livestock displacement and from land reclamation for carbon dioxide
sequestration from the atmosphere, a sustainable 21st Century can be attained.

4. The Arena of Biorefinery Systems Utilising Unavoidable Food Waste

In order to achieve a circular economy system, including bio-surfactant acquisition from biomass
for plant-based protein functionalisation, biorefining of unavoidable food waste must be explored. This
section first sheds light into a global challenge of food waste, a key differentiator between developed
and developing economies. Then, process engineering approaches and novel sustainable biorefinery
configurations utilising unavoidable food waste are suggested.

Global population is expected to increase 40% by 2050 reaching approximately 10 billion, yet
today, around 1 billion are severely malnourished and more than 1.2 billion still have no access to
clean drinking water [40]. Ironically, 1.3 billion tonnes of food are wasted every year corresponding to
a carbon footprint of 3.3 billion tonnes of CO2 equivalents and 250 km3 in lost water [41,42]. Food
waste represents a global economic loss of $750 billion (excluding fish and seafood). With an increasing
population, global food production will have to increase by at least 60% whilst natural resources will
become even scarce, unless mitigation strategies are adopted now [40].

Waste can generate from all stages of food supply chains. Although the contributions to food waste
from developed and developing nations are very similar (630 and 670 million tonnes, respectively),
their sources are very different. In developing countries food waste is mainly due to poor storage
post-harvest. Moreover, economic and political issues and perfect environmental conditions (warm
and humid) for food spoilage contributes to the loss of edible food [41–43]. In developed countries
most of the wasted food comes from the post-consumer stage (considered avoidable and suitable for
consumption), as a result of an overly restrictive food quality control and miscommunications between
producers, retailers, and consumers. Where unavoidable food waste is present as a consequence of
primary and secondary processing (from farm to fork), then it should be considered as a feedstock and
enabler for other conversion processes.

In developed countries, Europe and North America, the easier access to cutting-edge green
technologies and high volumes of food waste (280–300 kg per capita yearly) [44,45] opens new
opportunities for food waste valorisation into added value products. In developing nations, Brazil,
India, and South Africa, although the volume of unavoidable food waste is large, and its characteristics
are diverse, low support from the public sector and industry does not allow opportunities for
transformation of biomass into valuable products. It is estimated that 18% of anthropogenic CO2

emissions come from the burning of biomass in the agricultural fields in developing countries (which
are the main suppliers of food for the global market). The value of this burned biomass is equivalent to
$120 billion per year if a valorisation approach was applied instead of open-air burning [46].

Biorefineries utilising unavoidable food supply chain wastes, as an all year-round feedstock,
fractionating natural resource into a variety of products including chemicals, fuel, and energy can
be envisaged for a sustainable 21st Century. Figure 4 shows a conceptually farm to fork food waste
biorefinery approach distinctive from current practices.
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Figure 4. Systems change in unavoidable food waste biorefinery approach.

The application of efficient, green, and sustainable chemical technologies for the conversion
of unavoidable food waste into high value molecules for (re)-nutrition (for example, flavours and
fragrances, pectins, dietary cellulose, etc.) can maximise the inherent chemical potential, structure,
and function provided by nature. Modern green technologies such as pressurized fluid extraction,
supercritical fluid extraction, ultrasound assisted extraction, and microwave assisted extraction can be
used to extract valuable chemicals from unavoidable food waste [47]. For example, orange peels from
the citrus processing industry if disposed of to the environment can lead to environmental pollution
and health impacts. However, orange peels are a source of essential oils (limonene) and pectin. Pectin
is a well-known rheology modifier used in food additive and limonene is an anti-microbial agent,
natural pesticide, and degreasant. The latter can replace toxic solvents such as toluene, n-hexane,
and halogenated organics. Furthermore, limonene is a functional terpene, which can be chemically
transformed via isomerisation, addition, epoxidation, or hydration–dehydration reactions into useful
chemicals such as alpha-terpinolene, 3-methyl-cyclopentanone, and cos-linalool oxide [48]. Limonene
can be converted into bio-based polymers such as polycarbonates through copolymerisation with CO2

via limonene oxide and polyesters via copolymerisation with CO2 or with succinic anhydride, and
polyurethanen by copolymerisation of limonene dicarbonate with polyfunctional amines. Regarding
pectin, this natural polymer can be chemically converted into new functional materials, for example by
the solvent-free acylation of alcoholic functions of the polysaccharide with fatty acid anhydrides [49].
Figure 5 shows conceptually integrated biorefinery co-producing pectin and d-limonene and their
derivatives together with bioethanol as solvent for in-process recycling and as product.
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Catalytic fast pyrolysis of unavoidable food waste is a way to displace petroleum-derived aromatics
such as benzene, toluene, and xylene (BTX) [7]. The reaction occurs at 550 ◦C temperature and 5 bar
pressure. The catalytic fast pyrolysis reactor (fluidised bed) is connected to a regenerator where the
ZSM-5 catalyst is regenerated and recycled into the fluidised bed reactor. The gaseous stream from
catalytic fast pyrolysis reactor is passed to a cyclone for solids removal. The cleaned gas is cooled
down in a heat exchanger to 50-60 ◦C, so that cooling water can be used. Further cooling is required
to improve the separation between the aqueous and organic phases. Moderate refrigeration to 10
◦C is considered in a second heat exchanger. This temperature can be adjusted to achieve desired
purity and recovery of the aromatics, considering potential trade-offs. Water condenses and forms
an aqueous phase and is separated from the organic and gas phases. Then, the multiphase stream
enters a three-phase drum separator. Water, aromatics, and noncondensable gases are recovered. The
aromatics can be sent to further refining in distillation columns to recover BTX. Part of the gaseous
stream from the three-phase separator, which also contains the olefins produced, can be recycled back
to the catalytic fast pyrolysis reactor for further conversion into aromatics. A purge is necessary to
avoid accumulation of CO, CO2, and CH4 due to continuous operation. The coke along with the
solids removed in the cyclone is used to provide process heat for the regeneration and the pyrolysis
reactor. The gaseous reactor effluent is available at high temperature (550 ◦C). This stream can be used
to generate a medium pressure steam in the first heat exchanger. Furthermore, the water recovered
from the three-phase separator can be used for this medium pressure steam generation in the first
heat exchanger. Depending on the hydrocarbon content of the purge, the gaseous purge stream can
also be used as fuel. The catalytic fast pyrolysis is a promising thermochemical reactor technology
for renewable petrochemical production. The main advantages of catalytic fast pyrolysis are that
(i) the conversion occurs in one single reactor, (ii) no process water is required, (iii) simple biomass
pre-processing (drying and grinding) is needed, (iv) fluidised bed reactor is a highly efficient reactor
technology widely proven in petroleum refineries, and (v) the products are fully compatible with
existing infrastructure and supply chains and thus can directly displace petroleum derived products.

The arena of circular economy: Valorising unavoidable food waste into bio-surfactant for
protein functionalisation.

In this section, to close the loop, we give insights into the specific example of the food circular
economy system, i.e., the sourcing of regenerative bio-surfactant materials from unavoidable food
waste for plant-based protein functionalisation for food or nutraceutical applications. Bio-surfactants
are of interest to this work, because it is an important precursor to prepare mesoporous material for
protein separation. Surfactants to date are produced from fossil fuels. Organic food waste streams,
rich in natural polymers, can serve as the basis for producing bio-surfactants replacing fossil-based
surfactants [50,51]. Fermentation is the key process of making bio-surfactants using bacteria, yeast, and
fungi that can use organic waste as a substrate to produce bio-surfactant molecule with hydrophobic
and hydrophilic moieties. The predominant bacteria that use the unavoidable food waste as substrate
include Acinetobacter, Arthrobacter, Pseudomonas, Halomonas, Bacillus, Myroides, Corynebacterium, and
Alteromonas, can be sourced from terrestrial or aquatic environment [52]. Plant oils or plant-based
oily wastes and residues are substrates to fermentation for producing bio-surfactants by enzymatic
or microbial synthesis. An example of enzymatic modification is the extraction of chitosan from
aquaculture and seafood wastes, into antioxidant edible films [53]. Water soluble and sourced from
biomass, glucose, sucrose, glycerol (co-product of transesterification giving biodiesel), and bioethanol
are also known substrates for bio-surfactant production. Streams of the food processing industry such
as rice hull hydrolysate, starch waste liquors, domestic wastes, potato processing wastes, olive oil
mill effluents are used for affordable and competitive bio-surfactant production [54]. Such substrate
choices allow in situ microbial fermentation to achieve target function or product such as protein from
fermentation broth, thus avoiding multiple steps involved in protein functionalisation. Enzymatic
fermentation as opposed to microbial fermentation for the same purpose incurs a higher cost of
production due to specific strain development, but lower cost of recovery because target product
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attains a higher purity. Bio-surfactant produced this way can be used for food manufacturing. Its
widespread application is recognised in drug delivery, pharmaceutical industry, and the healthcare
sector. Bio-surfactant can agglomerate with or replace inorganic mesoporous materials for eliminating
any health risk, offering same functionalities needed for separation of proteins attained by specific
properties such as difference in charge density, size, or affinity [55].

Figure 7 shows conceptually the reaction and separation unit operations for valorisation of food
industries’ nonfood outlet streams into bio-surfactant. By an optimal combination and integration
between separation unit operations, centrifugation, precipitation, extraction and chromatographic
separation, and in-process recycling such as cells and solid remnants returned from centrifugation
to fermentation and recycling of outlet streams other than value added products from downstream
to upstream separation units, integrated biorefinery systems can be designed [1,7]. The integrated
biorefinery system shown in Figure 7 produces numerous added value products such as bio-surfactants,
enzymes, fine chemicals, and amino acids utilising unavoidable food processing waste as feedstock.

Non-food streams from

food processing industry

Inoculum of bacteria

cells and solid remnants

Bioreactor or

Fermenter

Centrifugation

Precipitation / 

extraction / 

chromatographic

separation

Value added products

Bio-surfactant

Enzymes

Fine chemicals

Amino acids

Supernatant

Figure 7. Process for the synthesis of bio-surfactant from nonfood outputs from food processing industry.

5. Future Work for Food Circular Economy Systems

We discuss spear-heading sustainable biorefinery systems’ configurations utilising unavoidable
food waste for a circular economy. However, there is a plethora of products and biorefinery
configurations need to be considered and optimised using smart decision-making tools. The use of
machine learning for the design of sustainable process and circular economy systems should not
be undermined. Although this represents a huge challenge, an exhaustive human-curated list has
been identified as one of plausible ways to tackle the challenge [56]. In this case, human-curation is
needed on networks of unit operations and a threaded logical programme exploring what-if conditions
for individual unit operations to enable synthesis of target product. Several computer software
programmes are available on protein retrosynthesis, but none offers the capability of optimal selection
of materials and methods for protein separation. In the light of climate change impact mitigation
and delivering the UN SDGs, plant-based food and nutraceuticals will become very important and
thus, is the extraction of ingredients such as protein with essential amino acids. It would be helpful
to the research community to access feasible pathways for given food ingredient functionalisation
via a computer software product. Synthesis as well as separation unit operations (centrifugation,
precipitation, extraction, chromatographic separation, ion exchange resins, drying, and calcination, etc.)
and their internals can be modelled to enable optimisation of their integration, design, and operation for
overall sustainability. Their models must be supported by robust thermodynamic property packages
and must include a database of separation materials. The models can be incorporated into a computer
software product to allow plug and play of the models. Overall optimal design and operability for
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sustainability are dependent on how resources are consumed, waste and emissions are eliminated,
minimum cost and maximum profitability, as well as maximum environmental and social benefits
can be achieved. These call for sustainability assessment using an appropriate set of indicators [1,57].
Although it seems to be daunting, it is inevitable that machine learning-based unified computer software
are needed to guide design and selection of appropriate materials and methods from exhaustive human
curated databases for optimisation based on the whole system sustainability assessment.

6. Conclusions

The main challenges of the throwaway consumerism culture in developed countries that
differentiate from the inadequate support structure of developing countries include diet and food
waste disposal. Sustainable plant-based diet is necessary on a more regular basis to meet the climate
target. This is proven by the first-ever comprehensive LCA of a whole range of food choices that clearly
shows that the highest environmental impact savings lie in the displacement of livestock by plant as
a source of protein. Protein with target amino acids for food and nutraceutical applications can be
separated and purified using a range of materials including (silylated) mesoporous silica materials,
as well as renewable organic bio-surfactant partially or completely replacing inorganic materials.
There are bespoke processes or methods to make the materials for protein functionalisation. These
aspects along with the processes to separate and purify protein are analysed from green chemistry and
process engineering perspectives with a view to apply the isolated protein in food and nutraceutical
productions for the first time. In order to close the loop, the renewable agents to separate target
proteins, i.e., bio-surfactants, must be sourced from unavoidable food waste. This calls for novel
integrated sustainable biorefinery systems utilising unavoidable food waste. A food circular economy
system is demonstrated to extract regenerative green separation agents, bio-surfactants, from nonfood
streams available in the food processing industry, via fermentation, to functionalise target proteins
from plant-based sources for food and nutraceutical applications. Furthermore, depending on the
constituents, unavoidable food waste arising from farm to fork can be valorised for food, flavouring,
pharmaceutical, or chemical productions using an integrated biorefining concept. Of special interest
is the production of platform chemicals such as levulinic acid via controlled acid hydrolysis or
aromatics via catalytic fast pyrolysis of unavoidable food waste, due to the potential of these building
block chemicals to displace functionally equivalent petrochemicals. It is envisaged that by advanced
integrated engineered biorefinery systems, waste generation can be avoided, and a circular economy
can be achieved in the food supply chains, for a sustainable 21st Century.
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