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1. Context and objectives

The sustainability of food systems is defined by FAO as delivering
“food security and nutrition for all in such a way that the economic,
social and environmental bases to generate food security and nutrition
for future generations are not compromised” (FAO, 2018). It can be
improved by more sustainable production, processing, distribution, and
consumption. Yet, today, food systems worldwide are being questioned
by many actors who consider them to be unsustainable (Bock et al.,
2022; Burlingame et al., 2022; Campi et al., 2021; Hoek et al., 2021;
McGreevy et al., 2022), notably those dedicated to the production of
cheap ingredients for formulating ultra-processed foods (UPFs)
(Anastasiou et al., 2022; Fardet and Rock, 2020; Jonckheere and Neven,

2020; Kesse-Guyot et al., 2022). Otherwise, in terms of environmental
impact, it has been recently reported that the whole agri-food-chain
accounts for 34 % of greenhouse gas emissions (GHGE), with 24 % for
food production, and only 10 % for food processing, food retail and
consumers combined (Fig. 1) (Crippa et al., 2021).

A recent INRAe (French National Research Institute for Agriculture,
Food and Environment) foresight report underlined that several
analytical methods are available for estimating the sustainability of
production and consumption of agricultural commodities; thereby, food
processing, as a potential component of food system sustainability, is
often omitted (Axelos et al., 2020). This means that the connection be-
tween food processing technologies and the health of ecosystems
(including human health) on the one hand (downstream), and other
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activities of food systems (upstream) on the other hand have been
largely neglected. Therefore, the development of research has been
driven by an objective of optimizing each component of the agri-food
chain in isolation (i.e., siloed and reductionist solutions or in-
novations). This is misdirected, as all the food chain components are
interconnected, in one way or another, implying, for example, that an
improvement of a sustainability aspect of one component may have
potential repercussions on the sustainability by other parts, e.g., GHGE.
Therefore, as concluded by INRAe researchers, a “forward-looking
thinking focused on the paths to follow in order to progress in a more
integrated understanding of the relationships between the functioning of
the food system (production-processing-consumption) and health issues
(via food and environment), and the identification and analysis of the
conditions for changes that could make it possible to respond better” is
needed (Axelos et al., 2020).

Thus, until today, the main target for improving food system sus-
tainability has been focused especially on farmers producing agriculture
commodities (Campi et al., 2021; Dwivedi et al., 2017), and to a lesser
extent on consumers and their behaviors (Bangsa and Schlegelmilch,
2019; Hoek et al., 2021), e.g., through sustainable food profiling models
(Bunge et al., 2021). The role of food transformation - and also food
distribution and retailing - have been less studied for their impact on
food system sustainability, treated as a kind of black box, more specif-
ically in academic research (Fig. 1). Yet, food processing impacts the
quality of food from production upstream, and the health quality of
foods marketed in food retail to the consumers. It also affects the whole
production systems, e.g., the value-added sharing, consumption models
and/or the food waste. As summarized by Knorr et al. (2020), “Current
attention on food sustainability mainly concentrates on production
agriculture and on nutrition, health, and well-being. Food processing,
the necessary conversion of raw materials to edible, functional, and
culturally acceptable food products, is an important link between pro-
duction and consumption within the food value chain. Without
increased attention to the role of food processing for a maintainable food
supply, we are unlikely to succeed in addressing the mounting chal-
lenges in delivering sustainable diets for all people.” (Knorr et al., 2020).
Then, it becomes relevant to ask whether a more local food processing
system and more aligned to consumer health would not stimulate more
sustainable production upstream, reducing its contribution to less than
24 % of all GHGE (Crippa et al., 2021)?

24 % GHGE
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Therefore, the main objective of this perspective paper is to discuss
food processing as a relevant leverage point to improve food system
sustainability as a whole, from producers to consumers. To address this
issue, an international consortium has been built within the framework
of an INRAe project entitled “Food systems and human health”, and
initially including twenty-nine researchers from fourteen countries in
Europe, Oceania, Asia and Africa. For the present analysis, six online
webinars, with more focused exchanges in between, were held
(2021-2022) to identify the main research gaps and issues relative to
food processing and sustainability (for details, see Fardet et al., 2024)

To achieve this, the aim of this perspective paper is structured as
follows: 1) to briefly restate what comprises food processing, underlying
why it is necessary to process foods; 2) to review what we know today
about food processing and sustainability, addressing some recent reports
questioning the whole sustainability of food processing, and 3) to
explore pathways - through identification of research gaps - for im-
provements toward more sustainable food processing by 2050, based on
the impacts identified at both upstream and downstream levels of pro-
cessing; notably to contribute to the 2030 Agenda for Sustainable
Development, adopted by all United Nations Member States in 2015
(Independent Group of Scientists appointed by the Secretary-General,
2019)

Finally, we intended to develop conceptual perspectives based on an
umbrella review of previous works adopting different approaches on
food processing and sustainability, rather than a stricto sensu data-driven
approach, identifying gaps as avenues for future research, e.g., do we
need breakthrough changes or simply incremental changes in food
processing based on the current food system? In addition, we have
focused in section four on UPFs because UPFs is an important emerging
issue since more than a decade, and among all food processes, it appears
as one of the most threatening to global health (Fardet et al., 2024), not
just human health (Lane et al., 2024).

2. A brief summary of why foods need to be processed

Humanity has consumed processed foods for a long time (Fardet,
2018). There are numerous benefits from transforming foods, including
the destruction of microbes and toxins, improved bioavailability of some
nutrients, extension of shelf life, and improved sensory characteristics
and functional properties (van Boekel et al., 2010).
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Fig. 1. Food processing in the agri-food chain: a black box? Abbreviation: GHGE: Greenhouse Gas Emissions.
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Food processing began with the domestication of fire, more than one
million years ago; then fermented foods (e.g., breads, wines, cheeses)
were developed since Neolithic times, in the context of securing and
diversifying human foods (Toussaint-Samat, 2008). Breakthrough ad-
vances arose from about two hundred years ago, notably since the in-
vention of canning in 1795 b y Nicolas Appert (1749-1841) to preserve
food longer. There is no doubt that the transformation of food is
necessary, to make it edible, digestible, safe and tasty, long-distance
transportable and to make it last longer (Knorr and Watzke, 2019).
This is becoming even more important with the exponential growth of
the world population and the rise of large towns and megacities,
requiring sophisticated food distribution systems and long shelf-lives.
Food processing also should contribute to reducing fresh food wastes,
and to the supply of safe and unspoiled foods to consumers. Foods need
to be preserved because they are not produced all year round, but also
depending on local climates. In some contexts, food needs to be
distributed globally because of climatic constraints on some foods, and
to overcome their seasonal availability, and preservation is subsequently
required because of shipping times.

However, now, food processing is at a crossroads (Knorr and Watzke,
2019): how can we deliver healthier foods while at the same time
addressing better sustainability of food systems, considering both eco-
nomic, social and environmental bases? Notably, the roundtables and
discussion work conducted at INRAe led to two recently published
perspective papers. One is a critical review of recent literature showing
that global food processing does not address all food and nutrition se-
curities, especially the UPF industry (Fardet et al., 2024). Another work
focused on animal products and co-products, and showed they have the
advantage to address the increasing demand for protein worldwide.
However, the impact of these products (depending on product type) can
rapidly increase with the food chain complexity and needs for refriger-
ation systems (Germond et al., 2024). In the end, the literature about the
food processing industry and global sustainability is not as extensive as
that, notably in comparison with food agricultural practices and pro-
duction systems.

3. Food processing and sustainability: what does research tell
us?

3.1. Optimizing food processing sustainability

The topic of food processing and sustainability has been the subject
of several publications, in the form of reports, reviews, position papers,
grey literature, and original articles. The position of some papers de-
pends on the writers, either of academic or industry origin. As expected,
review papers from industries generally underline the positive aspects of
food processing for addressing food securities, with some advocating
that ultra-processing could be a solution, among others, to nourish the
predicted ten billion people worldwide by 2050, to valorize food by-
products and/or to minimize food waste in a circular economy
(Capozzi, 2022). However, these reviews are often based on the para-
digm that food nutrients primarily matter for human health, and also for
food system sustainability (e.g., the focus on protein supply and human
needs), whatever the quality of the whole food that contains these nu-
trients, i.e., the food matrix or the degree of processing. Yet, this is not
the case (Fardet and Rock, 2022), e.g., the increasing development of
ultra-processed plant-based alternatives or meat analogs (Fardet, 2024).

The most comprehensive review about food processing and food
system sustainability is the one by Sovacool et al. (2021), who discusses
different current and emerging options and practices for decarbon-
ization of the food and beverage industry, “including energy and carbon
savings, cost savings, and other co-benefits related to sustainability or
health - as well as barriers across financial and economic, institutional
and managerial, and behavioral and consumer dimensions” (Sovacool
et al., 2021). Authors propose a less reductionist approach to this issue
by taking into account environmental-associated costs of processing, but
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do not directly address the environmental cost of UPFs, notably
involving food fractionation, chemical modifications, and/or enzymatic
syntheses (involving numerous unit operations that are highly energy
and water demanding) (Anastasiou et al., 2022; da Silva et al., 2020;
Fardet and Rock, 2020; Anastasiou et al., 2023). More specifically,
concerning the most GHGE-demanding and energy-intensive food pro-
cesses, and according to Klemes and Perry (2008) (Klemes and Perry,
2008), the food and drink industry is a major user of energy in a large
number of diverse applications, which include the provision of steam or
hot water, drying, other separation processes such as evaporation and
distillation, refrigeration, and baking.“. These authors then list forty
energy-intensive processes, including dehydration, freezing, extraction,
filtration, evaporation, cooling and chilling, among others (Klemes and
Perry, 2007). Notably, chilling and freezing use a monumental amount
of energy. This was followed by grain and oilseed milling, dairy, fruit
and vegetable preserving, and then sugar processing. Otherwise, in the
USA a few years ago, animal slaughtering was the most
energy-demanding process (i.e., of electricity and natural gas) mainly
through boiling, cooling, and refrigeration (Germond et al., 2024). In
the end, Sovacool et al. (2021) proposed decarbonization options,
including automation and process optimization, thermal management
and heat recovery, adoption of renewable electricity and heat/fuel
switching, energy efficiency and sustainable packaging (Sovacool et al.,
2021).

Beyond such an optimization, an alternative solution might be, at the
same time, to decrease consumption of food products that are the most
energy-demanding related to processing, and therefore the least sus-
tainable. However, minimally-processed foods may also exhibit a high
carbon footprint for their production, e.g., red meat (Tilman and Clark,
2014). In this way, to take account of this complexity of the agri-food
chain sustainability, it has been proposed “to reduce the complexity of
nutritional sustainability to a simplified outcome based on a common
measurement model, which could be easily communicated throughout
the whole agri-food chain, e.g., with a label or a trademark” (Bornkessel
et al., 2019). Ultimately, this means an adaptation of eating habits for
consumers, especially since foods with less environmental impact from
processing (generally those that are less processed) are also generally
better for health.

Along the same line of thinking, the review by Knorr et al. (2020)
intended “to draw on multidisciplinary insights to demonstrate why
food processing is integral to a future food supply” (Knorr et al., 2020),
advocating for a consensus in developing essential, relevant sustain-
ability indicators for food processors, e.g., Life Cycle Analyses of food
processes and processed foods. Suggested recommendations for future
resource-efficient and sustainable food processing could include
resource management (e.g., water scarcity), sustainable, efficient, and
responsible food packaging, storage and transportation, developing
consumer trust (e.g., improved transparency), and development of a
“precision” food chain. Within the agri-food chain, Knorr et al. also
specifically proposed a move towards emerging solutions to improve the
sustainability of food processing: thus, traditional chemical pre-
servatives (e.g., salt, sugar and other chemicals) and thermal treatments
could be progressively combined with newer processes, with ozone
processing, cold plasma technology, high pressure processing, pulsed
electric field, ultrasound, ohmic heating, and/or cavitation technologies
(Knorr et al., 2020). Thus, replacement of conventional energy-intensive
food processes with novel technologies may potentially reduce energy
consumption, reduce production costs, and improve food production
sustainability (Wang, 2013). However, we should be careful about
rebound effects due to high electricity costs, and an increased depen-
dence on complex information and automation systems in a context of
inflation/scarcity.

Similar to the above-mentioned approaches to food processing and
sustainability, van der Goot et al. (2016) suggested three main causes for
inefficiencies in food production: 1) the increased use of products from
animal origin, 2) the inefficient use of food products once produced,
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resulting in waste generation, and 3) the current set-up of food processes
and processing chains. Their main conclusion deserves special attention
since they advocated for using less pure ingredients coming from food
fractionation and for not maintaining the current way of producing food
products through the use of hyper-standardized ingredients (van der
Goot et al., 2016). This implies “that the focus should be on creation of
enriched fractions. The advantage of those enriched fractions is that they
still possess part of the natural structure of the raw material, providing
new opportunities for applications in food products. Preserving the
natural structure might have a positive effect on the bioavailability of
micronutrients” (van der Goot et al., 2016). This refocusing on the
importance of minimally-processed food matrices for global health - that
we also advocate for (Fardet et al., 2024) - goes against the widespread
and massive globalization of refined, fractionated, and recombined in-
gredients used in UPFs (Monteiro et al., 2013; Dicken and Batterham,
2020) (see also Fig. 2 relative to the UPF water-energy-food nexus).
Consequently, food process chains will require redesign, and “fraction-
ation processes will be more specific, smaller and in the vicinity of the
final application”; concluding that “this change in food production will
become inevitable once natural resources become scarcer and more
expensive” (van der Goot et al., 2016). Moreover, less refined and
fractionated ingredients will lead to a healthier diet (van der Goot et al.,
2016).

As previously suggested, beyond the impact of food processing on
food system sustainability, there is also the issue of adequate metrics to
use in measuring this impact. For example, the Food Foundation in the
UK (Plating Up Progress project) recognizes “a lack of basic, transparent
data within the food industry ... currently hindering progress towards
healthy, just, and sustainable food systems”, and the need to establish
clear metrics and/or criteria to drive faster progress (Food Founda-
tionPlating Up Progress Policy Briefing, 2021). Among proposed holistic
indicators for assessing the sustainability level of a food company, we
can report the ITACA protocol (Barreca and Cardinali, 2019), the Four
Pillar Framework for corporate alignment to the Sustainable Develop-
ment Goals (SDGs), which identifies four dimensions of business activity
that holistically and indivisibly impact society and the planet (Barilla
FoundationUN Sustainable Development Solutions Network), and the
sustainability checklist, including designing and adapting processing “in
the food industry to clarify the potential hot spots in new process design
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and focused on environmental sustainability” (Woodhouse et al., 2018).

Another sustainable strategy within the food-processing sector might
be “a waste-handling strategy that focuses simultaneously on waste
prevention initiatives, opportunity for water reuse and optimization of
wastewater management to develop sustainable treatment processes”,
the authors proposing ways of thinking to limit waste, e.g., water reuse
in processes that do not affect food hygiene, resulting in lower waste-
water volumes for treatment (Fagbohungbe et al., 2021). This approach
of reducing food, energy and/or water wastes has also been previously
proposed (Augustin et al., 2016; Wang, 2013; Woodhouse et al., 2018).

Otherwise, researchers from General Mills have advocated for a
broad coalition among academia, government, and the food industry to
“ensure that the food supply concurrently prioritizes sustainability and
nutrient density in the framework of consumer-preferred foods. The
coalition can also help to ensure sustainable diets are broadly adopted
by consumers” (Miller et al., 2021), adding that industrially processed
foods may be one of the solutions to supply affordable and convenient,
but still nutrient-dense and sustainable foods. Perhaps, but provided
these are not mainly micronutrient-enriched UPFs. They conclude that
the food industry “has the scale and influence to make significant
changes to what and how we eat, especially regarding consumers who
may not have the resources or interest to pursue ‘sustainable’ foods
independently.” (Miller et al., 2021). Such a conclusion may seem
acceptable, but how can we make sure that industrial goals align with
consumers’ interests in terms of nutrition, reasonable food prices, and
environmental concerns? Arguably, manufacturers have financial ne-
cessities or profit-maximizing interests; which may be counter to the
above objectives. Hence, there is the possibility that to reach food sus-
tainability will require profound changes in industry governance
models. Decentralized governance typical of a circular economy may
address this gap.

3.2. Towards food processing and upcycling in a more circular econonty

Several authors agree on a key issue: the circular economy should
become a reality in the food industry (Stillitano et al., 2021; Teixeira,
2018). Notably, as reported, “this demands more efficient and envi-
ronmentally friendly food processing technologies and process integra-
tion together with waste minimization and recovery and incorporation
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of food by-products in the food processing chain” (Teixeira, 2018).

An important issue of food processing sustainability is food waste
and the potential to upcycle it into new foods. The issue has been
extensively and previously addressed (Thorsen et al., 2022, 2023;
Anastasiou et al., 2022; Capozzi, 2022). In summary, despite all authors
recognizing that the valorization of by-products could be exploited to
develop nutrient-rich ingredients at lower economic and environmental
costs, different conclusions about this issue have been reported. Thus,
some defend the position that one can add nutritional value to UPFs by
using by-products or new ingredients derived from food waste (Capozzi,
2022). However, such a position is mainly based on a reductionist view
of UPF and human health that relies on the nutri-centered approach, i.e.,
healthy foods are nutritionally-balanced ones, and that UPF reformu-
lation may be a solution to address human health and nutritional needs.
Other researchers disagree with this approach, having a more holistic
approach of food health potential and food processing (Fardet and Rock,
2022; Scrinis and Monteiro, 2018), emphasizing that a siloed approach
to food processing sustainability may lead only to greenwashing. A more
holistic view is also reported and defended by Thorsen et al. (2023)
emphasizing that “many of the currently available upcycled foods are
considered discretionary foods, such as biscuits, crackers, and other
snack foods, that are not an essential part of healthy dietary patterns and
should only be eaten sometimes and in small amounts” and that “many
of these manufactured foods could also be UPFs as some of their in-
gredients have undergone industrial processes such as fractioning, hy-
drolysis, hydrogenation, or chemical modifications. In addition, to make
them more appealing to consumers, high levels of sugar, fats, and salt
are frequently added.” Therefore, with a broader view, upcycled foods
should address together the three pillars of sustainability that are
environmental, social, and economic dimensions (Thorsen et al., 2023).

4. A focus on ultra-processing and sustainability

Ultra-processed foods are briefly defined as “formulations of in-
gredients, mostly of exclusive industrial use, that result from a series of
industrial processes (hence ‘ultra-processed’)” (Monteiro et al., 2019).
To say it differently, they are characterized in their formulation by the
addition of cosmetic ingredients and/or additives (i.e., markers of
ultra-processing) for mainly industrial use - and having undergone
excessive processing - to imitate, exacerbate, mask or restore sensory
properties (aroma, texture, taste and color); and their processing can
also involve very denaturing technological processes (cook-
ing-extrusion, blowing, etc.).

For around sixty years, the massive development of UPFs in Western
countries, and more recently in emerging and developing countries
(Baker et al., 2020), has tended to drive upstream unsustainable agri-
cultural production systems characterized in particular by intensive
large monocultures and animal farms, and downstream through sup-
plying to food retailers and consumers unhealthy foods and negative
impacts of over-packaging (Fardet and Rock, 2020). Ultra-processed
foods are pushed to the globalized market by their wide availability,
convenience, hyper-palatability and intensive marketing practices
(including ‘glocalisation” with offers meeting local tastes). These prod-
ucts are today associated, when consumed in excess, with many
increased risks of chronic disease and early mortality (Askari et al.,
2020; Cascaes et al., 2022; Delpino et al., 2021; Martini et al., 2021;
Mazloomi et al., 2022; Moradi et al., 2021, 2022; Pagliai et al., 2020;
Suksatan et al., 2022; Wang et al., 2022; Yuan et al., 2023; Taneri et al.,
2022). Price competition in food retail is not unlinked to this situation,
as to achieve very low food prices, the industry is almost obliged to
produce UPFs, in particular by replacing natural foods with very cheap
ingredients of ultra-processing (e.g., flavoring/aroma instead of real
fruit) (Davidou et al., 2021). Beyond price competition, social, economic
and political drivers are also involved, interconnected and associated to
transformations all along the supply chain, e.g., the expansion and
growing market and political power of transnational food and beverage
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corporations as a driver of UPF development (Baker et al., 2020). Also,
by definition, these UPFs are produced at large scale, to achieve econ-
omies of scale, with chemical preservatives to expand the shelf life, and
are then very accessible through global value chains and big retai-
lers/stores. The latter have become the dominant distribution channel to
access food (a formal, very organized one) together with many other
food system options (less formalized) available to the consumer today.
More specifically, while UPFs well address food availability, ensuring
food security and supplying cheap calories, and food safety, this is
achieved to the detriment of food system sustainability, human health,
and socio-economics (Fardet and Rock, 2020), and they also signifi-
cantly contribute to GHGE (Fardet et al., 2024), e.g., in France they
contributed 24 % to the diet’s GHGE, 23 % to water use, and 23 % to
land use (Kesse-Guyot et al., 2022), and they account for 50 % of the
total climate change and land use impacts in Belgium (Dénos et al.,
2024).

Worldwide safe food availability during the whole year has therefore
been achieved through industrial UPFs (Baker et al., 2020). The advent
of ultra-processing may be considered as the last nutritional food tran-
sition, which began just after the Second World War with the develop-
ment of new processing technologies, notably including food
fractionation, purified ingredient syntheses, and drastic modern pro-
cesses such as puffing, hydrogenation and extrusion-cooking. However,
plant and animal-based UPFs have been more and more consensually
associated with unsustainable food system outcomes (Anastasiou et al.,
2022; da Silva et al., 2021; Kesse-Guyot et al., 2022; Lawrence, 2022;
Northcott et al., 2023).

More generally, the reduction of consumption of useless excess cal-
ories, generally driven by UPFs (da Silva et al, 2021) or
discretionary/non-core foods, without replacing them by alternative
foods, appears to be a simple means of reducing the carbon footprint of
our diet (Sundin et al., 2021). Of note, obesity has been reported to
account for around 1.6 % of GHGE worldwide (Magkos et al., 2020).

5. Perspectives to food processing and sustainability: four
emerging issues to address for the future?

Based on the above-mentioned considerations, reflections were car-
ried out by our international and multidisciplinary consortium related to
“food processing and food system sustainability”. The consortium
identified and discussed four emerging research topics - areas insuffi-
ciently addressed by research - related to food processing and sustain-
ability. The intent here is not to discussed in depth these four topics, but
to report the consortium’s conclusions and perspectives.

5.1. How can food processing achieve together food and nutrition
securities for enhanced sustainability?

This first topic is a global question, which also includes the three
more specific sub-topics as described below in 5.2, 5.3 and 5.4. Food
technologists are today challenged to develop products addressing all
food and nutrition securities: Availability, Access (economic, social and
physical), Utilization, Stability, Agency and Sustainability (HLPE/FAO,
2021; Fardet et al., 2024). As previously mentioned, UPFs are cheap
calories available globally to as many people as possible, but to the
detriment of human health, socioeconomics and environmental sus-
tainability. The challenge now is also to include the other neglected
dimensions with the approaching objective of feeding nine to ten billion
people at horizon 2050. Thus, there is a real need to develop new and
modern technologies to process foods to allow food availability for all,
notably in countries where food self-sufficiency is impossible (e.g,
desert countries) while preserving human and environmental health. To
address this issue, we must come back to the need for a clear definition
of what is a “healthy food”, notably based on a preserved “food matrix
effect” (Fardet and Rock, 2022), to better inform food technologists in
addressing the global health issue.
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5.2. Re-connecting processing to local food systems? Issues and impacts

As reported by Baker and Friel (2016): “Traditional food systems are
generally characterized by “short" supply chains involving the local
production, distribution and consumption of unprocessed or minimally
processed staple foods; while modern food systems are characterized by
complex and globalized networks of many actors involved in the
different stages of “long" supply chains, oriented towards maximum
efficiency in order to reduce costs and increase production of a wider
variety of food types” (Baker and Friel, 2016). Therefore, UPFs being
massively and widely distributed by large multinational agri-food in-
dustries, first in Western countries, and more recently in emerging and
developing countries (Wood et al., 2023), we may question whether it
would not be preferable, for sustainability, to shift from the model of big
international food industries to more relocated food processing in-
dustries directly connected to local production, notably to avoid
ultra-processing, which is necessarily adapted to very long distances and
long storage times. This leads us to the issue of short supply chains that
might be adopted to relocate food transformations.

Thus, the dominant conventional food system - characterized by
concentration of firms and value chains, globalization, specialization
and financialization (Baker et al., 2020) - has led to the “disconnection”
and the geographical and relational distancing between food producers
and the final consumers. In social debates and scientific literature,
special attention is paid to a wide variety of “alternative” initiatives that
have developed to “re-connect” consumers with the place of production,
the production methods and/or the people who produce food (Barham,
2003; Forssell, 2017; Ilbery et al., 2005; Renting et al., 2003). Over the
last decades, the focus on short food supply chains, involving a reduced
number of intermediaries between producers and consumers, has led to
limited attention on intermediaries in general, and processors in
particular (Chiffoleau and Dourian, 2020; Kneafsey et al., 2013). How-
ever, the issues associated with processing and the role of processors in
local food systems are increasingly considered in different works, e.g.,
the impact of processing technologies in terms of nutrition and health
quality in short food supply chains (Chiffoleau and Dourian, 2020), the
role of processors in supporting farmers’ market integration and
development of local food systems (Hernandez et al., 2021), the efficient
and sustainable scale of processing units (De Vries et al., 2018), the
inclusion of conventional players and avoiding “local-wash” (Cleveland
et al.,, 2015), the adaptation of the processing technologies to less
“industrialized” agriculture (smaller quantities, seasonal production,
heterogeneous qualities) (Chiffoleau and Dourian, 2020), the inclusion
of processors in local food policies, and what policies should be designed
to support local reindustrialization (Chiffoleau et al., 2021).

5.3. Animal-based food processing and sustainability

Intensive animal-based food production has long been pointed out to
contribute the most to GHGE and environment degradation. However,
there has been little focus on animal-based food transformation and
sustainability (Germond et al., 2024). Notably, intensive livestock pro-
duction is generally devoted to supplying cheap animal-based products
and ingredients, often in ultra-processed ready-to-eat meals. Beyond just
the reduction of consumption of animal-based food, concomitant with
the consumption of animal-based foods of higher quality (i.e., Demi-
tarian or flexitarian diets), one should question the transformation and
sustainability of animal-based food, in particular the new sources of
animal proteins such as insects and cultured meats, while keeping in
mind the cultural dietary habits and environmental impacts as well.
There is also the issue linked to the globalization of the food chain
system in animal processing or by-products, e.g., concerning fish pro-
cessing, ten companies have 40 % of the market share, and crustaceans
are transported all around the globe for processing (European Envi-
ronment Agency, 2016).

Otherwise, through a relocation of food transformation, how should
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animal products be processed for better food systems, qualitatively
regarding animals’ well-being, and quantitatively considering the
nutrition balance with plant foods? This also raises the question of the
slaughter of animals, especially those reared extensively. Another issue
is that of sustainability when extracting and isolating nutrients from by-
products of animal-based food through fractionation, e.g., protein iso-
lates, collagen and lactose.

5.4. The offer and the demand: can consumers influence the sustainability
of food processing?

The current consumer mindset, encouraged by economical con-
straints (e.g., conventional and intensive marketing practices), is one of
the drivers of negative environmental impacts (White et al., 2019) and
health impacts (unhealthy foods displace healthy alternatives). This is
reinforced by the fact that in current food systems, the costs of harmful
foods are externalized (i.e., not reflected in market prices), and the
benefits of healthy foods are not appreciated (FAO, 2023). These ex-
ternalities often make sustainable and healthy foods less affordable to
consumers. Major brands and companies claim that they capitalize on
the high demand for processed foods for the general public over the
years. Indeed, the agri-food industry is mainly reactive, not proactive,
and adapts according to the apparent demands/needs of consumers,
often driven by intensive promotion by retailers. Food habits followed
by the community ostensibly seem to govern the demand for food
(Coronado-Apodaca et al., 2023). However, studies showed that the
UPFs are in the first instance created to support an economic gain rather
than being a true demand from the consumer (Wood et al., 2023). It
should also be mentioned that, worldwide, the supermarkets and fast
food chains (a hegemony of a few multinationals with vested interests in
the status quo) generally control what foods are available to the pop-
ulations of big cities, accelerating the loss of culinary traditions.

Consumers are generally unaware of the extent to which their food
choices impact the environment, however their food choices could
participate in the shift to more sustainable diets. Mehrabi et al. (2022)
highlight the important role of citizens in the transition to sustainable
food systems, and consider that it is necessary to re-connect food con-
sumers and food providers (Mehrabi et al., 2022). For this, it would
appear mandatory to inform and educate consumers about what is
happening behind the “black box" of processing, what are the choices
they have to do, and what are the impacts of these choices; and, finally,
to engage them towards sustainable diets as a key strategy for reducing
global environmental impacts of the agricultural and food sectors
(Petersson et al., 2021). This can be supported by a multilevel carbon
and water footprint dataset of food commodities (Petersson et al., 2021).

Therefore, the main issue is to analyze how consumers can drive
more sustainable food transformation, knowing that they have little
education and information about this topic, implying that it is important
to reduce complexity of diffused information. Consumers have signifi-
cant influence over the trends and directions of food and agriculture
systems. However, since they have little information on transformation/
processing, and more on production/agriculture, they demand changes
at the farm level specifically (ie., food crop production; this is the
mainstream in mass media). Therefore, there is a need to go beyond
influencing individual’s choices (Elliott et al., 2024; Potter et al., 2021).
Clearly, there are numerous actors involved in food systems; and each of
these stakeholders has their part of responsibility in this immensely
complex path to food system change towards sustainability and trans-
parency. Notably, as proposed by Koler and Levy (1971), companies in
the agri-food sector need to adopt sustainable business models that
consider, beyond economic aspects, major social and environmental
sides. This means putting sustainability at the core of the value propo-
sition. In this regard, demarketing should continue to draw attention of
academicians, industrials and policymakers since it seems to be an
effective strategy that promises to contribute to sustainability across all
the three dimensions (Koler and Levy, 1971).
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Hence, beyond unsustainable UPFs with enhanced sensory proper-
ties, how can we propose less processed and tasty foods without
resorting to cosmetic agents? How can we change consumers’ habits
related to food choices and consumption? For the cost, how can exter-
nalities criteria be included in the current market price of those foods
(Pieper et al., 2020), but without excluding vulnerable population
groups? Thus, improving the food system will require deep trans-
formations, in symbiosis with individual and collective actions.

6. Conclusions and perspectives

The emerging issue of food processing and sustainability is a huge
challenge ahead (see also “The SWOT matrix of food processing and
sustainability” in Table 1). In the near future, two scientific approaches/
scenarios can be followed concerning food processing: it can be
addressed either 1) in a reductionist way, e.g., through optimizing food
processes, reducing energy demand and food waste and/or reformulat-
ing UPFs with upcycled ingredients, or 2) with a more holistic approach
as proposed by the Four Pillars Framework for corporate alignment to
the Sustainable Development Goals (Barilla FoundationUN Sustainable
Development Solutions Network,). Certainly, food processing sustain-
ability should include not only optimization of processes (i.e., a siloed
approach) but also external factors linked to the food industry, such as
providing a healthy and affordable diet for consumers, reorganizing
food systems at more local scale, and reducing the negative ecological
impact of animal and crop farming. As we previously concluded: “food
processing should become more involved in circular food systems and
bioeconomy, and that we need to relocate food production, processing,
and consumption to be more aligned with regional food production
specificities. For this, minimal processing to preserve food matrices
should be preferred. Therefore, the strong current tendency to develop
reductionist and siloed innovative solutions to improve the

Table 1
SWOT matrix of food processing and sustainability.

Strengths Weaknesses

o A high level of sanitary security;
o A high level of food availability; .
o A diversified food offering due to Too much ultra-processed foods associ-
international fluxes. ated with degraded food systems and
energy-demanding processes;

L]
Development of siloed and reductionist
solutions (i.e., greenwashing);

L]
Depending too much on highly
standardized ingredients all the
year;

L]
Most of the time reactive, and not pro-
active in the face of the challenges of
current changes;

L]
Legal or political measures that are not
binding enough for increasing food
processing sustainability.

Opportunities Threats

e Evolution of food choices and e Culinary traditions replaced by ultra-

expectations by consumers, i.e., shorter
list of ingredients, less processed foods
and more naturalness;

Relocating food transformation,
adapted to local production;
Revegetation of the plate due to climate
chansge.

processed foods;

e Degraded human health (increase
chronic diseases) and reducing
healthy life years;

e Environment, including GHGE,
deforestation, loss of biodiversity,
reducing small farmers and small
processors.
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sustainability of food systems should be questioned.” (Fardet et al.,
2024).

However, at the global level, there are undoubtedly very different
geographies, socio-economic, environmental and/or agri-food industrial
environments. These specificities, also included in the recent food sov-
ereignty concept, need to be taken into consideration for future foresight
food processing scenarios, notably for desert countries where often
available agricultural areas to feed the whole population are insuffi-
cient, leading to inevitable importations of industrially processed foods.
Thus, relocating food processing may not be the only solution for better
sustainability. The main challenge here appears to be the quality of the
imported processed foods, i.e., coming from sustainable food processing
in the country of origin, and not linked to deforestation imports.

Another concluding point concerns consumers’ education on sus-
tainable food processing and their awareness of food waste to lead to an
increase of sustainable foods. Besides, this educational approach should
encompass the transition to traditional diets and food products. In this
case, it will be potentially possible to develop food processing schemes
that comply with the pillars of bio-economy at a local level, motivating
food industries to develop innovative and resilient food products
(Kopsahelis and Kachrimanidou, 2019). The shift of consumers could
also associate with ESG (environmental, social and governance)
investing, that has been extensively prompted by numerous objectives,
including SDGs. Bio-economy could facilitate the stimulation of ESG
through the production of bio-based and value-added products, to
comply with the emerging consumers demands. On top of that, the ESG
criteria could be mentioned as an approach that food industries should
comply with, driven by consumers’ demand for sustainable food prod-
ucts. It should be noted that this approach refers to developed countries,
as food industries have established processes, and consumers have
secured access to food, and the target is to increase the resilience of food
systems. Therefore, bio-economy can subsidize economic, environ-
mental and social development, but still should be assessed on particular
and provisional grounds, as different populations and areas demonstrate
diversified priorities and needs.

In the end, one of the biggest challenges in the current Anthropo-
centric Age would be to develop both healthy, safe, tasty, and accessible
processed foods for nearly ten billion people in 2050 while staying
within planetary boundaries. For this, it appears that incremental and
reductionist innovations will not be sufficient. More holistic break-
through innovations are needed, and interventions need to be targeted
at changing the values, assumptions and goals of the processed foods
system. This means that any changes should be co-created with other
actors of the agri-food chain, and recognize the interdependence of the
actors of the whole system. The complex nature of food systems requires
targeting multiple components simultaneously and a strong role for
policy intervention. According to Baker et al. (2020), many frameworks
exist to guide these cross-cutting changes: actions targeting food sup-
plies (subsidies, reformulation ...), food environments (advertising,
promotion, labeling ...), and behavior change communication (food--
based dietary guidelines, mass-media campaigns, nutrition education in
schools ...) (Baker et al., 2020). Recently, the WHO reports that
worldwide policy responses and regulatory actions are currently inad-
equate and weak (WHO, 2020). Therefore, it seems that the holistic
position, notably through a relocation of food processing to avoid food
waste and ultra-processing, and to regenerate food systems, is the most
suitable for a global perspective (Fardet et al., 2024). Avoiding
ultra-processing should stimulate more sustainable agri-food systems
upstream and healthier foods downstream.
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