‘ energies

Review

Navigating the Challenges of Sustainability in the Food
Processing Chain: Insights into Energy Interventions to
Reduce Footprint

Orlando Corigliano

check for
updates

Academic Editor: Marian Bana$

Received: 9 December 2024
Revised: 4 January 2025
Accepted: 7 January 2025
Published: 10 January 2025

Citation: Corigliano, O.; Morrone, P.;
Algieri, A. Navigating the Challenges
of Sustainability in the Food
Processing Chain: Insights into Energy
Interventions to Reduce Footprint.
Energies 2025, 18,296. https://
doi.org/10.3390/en18020296

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Pietropaolo Morrone

and Angelo Algieri *

Department of Mechanical, Energy and Management Engineering, University of Calabria, 87036 Rende, Italy;
orlando.corigliano@unical.it (O.C.); pietropaolo.morrone@unical.it (P.M.)
* Correspondence: a.algieri@unical.it; Tel.: +39-0984-494665

Abstract: This review paper examines the critical intersection of energy consumption and
environmental impacts within the global food system, emphasizing the substantial footprint
(including land usage, costs, food loss and waste, and carbon and water footprints) associated
with current practices. The study delineates the high energy demands and ecological burdens
of food production, trade, and consumption through a comprehensive bibliographic analysis
of high-impact research papers, authoritative reports, and databases. The paper systematically
analyzes and synthesizes data to characterize the food industry’s current energy use patterns
and environmental impacts. The results underscore a pressing need for strategic interven-
tions to enhance food system efficiency and reduce the footprint. In light of the projected
population growth and increasing food demand, the study advocates for a paradigm shift
towards more sustainable and resilient food production practices, adopting energy-efficient
technologies, promoting sustainable dietary habits, and strengthening global cooperation
among stakeholders to achieve the Sustainable Development Goals. Investigations have
revealed that the food system is highly energy-intensive, accounting for approximately 30% of
total energy consumption (200 EJ per year). The sector remains heavily reliant on fossil fuels.
Associated greenhouse gas (GHG) emissions, which constitute 26% of all anthropogenic
emissions, have shown a linear growth trend, reaching 16.6 Gtcozeq in 2015 and projected to
approach 18.6 Gtcogeq in the coming years. Notably, 6% of these emissions result from food
never consumed. While the water footprint has slightly decreased recently, its demand is
expected to increase by 20% to 30%, potentially reaching between 5500 and 6000 km? annually
by 2050. Energy efficiency interventions are estimated to save up to 20%, with a favorable
payback period, as evidenced by several practical implementations.

Keywords: carbon footprint; emerging technologies; energy efficiency; food industry;
food print; GHG emissions; industry 5.0; supply chain; sustainability; water

1. Introduction

The food system represents one of the largest energy consumers and producers of
CO;, equivalents worldwide. Despite this, food production remains intrinsically linked to
demographic trends and continues to rise alongside population growth, necessitating a
reconsideration of production practices across the entire supply chain, from farming to
retailing, and heightened awareness of household consumption to increase global security
and equity and mitigate environmental impacts. In this context, the “Farm to Fork” strategy
within the European Green Deal aims to create a safe, healthy, and sustainable food
system, promoting new chances for food value chain operators, generating fair economic
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opportunities, improving public health, and creating positive environmental effects [1].
In 2021, the European Commission (EC) proposed enhanced targets aligned with new
climate objectives, with the goal of decreasing GHG emissions in the European Union (EU)
by a minimum of 55% by 2030 [2]. These proposed goals include a 39% reduction in
primary energy consumption and a 36% saving in final energy consumption by 2030,
based on updated baseline forecasts from 2020 [3]. Collaborative efforts involving various
stakeholders, including government, industry, and consumers, are crucial for promoting
sustainable practices and driving meaningful change.

According to United Nations (UN) reports, approximately one-third of food is wasted
annually, resulting in a staggering loss of about 750 billion USD [4,5]. This corresponds to
agricultural products waste from 28% of agricultural lands, underscoring the imperative
need to reduce losses and waste, moving toward sustainability principles and the circular
economy. Any form of waste signifies inefficiency and economic loss, with primary issues
associated with consumer and company practices.

The utilization of land for food production emerges as a critical concern. Present-day
agricultural practices are highly resource-intensive, occupying approximately 43% of the
global ice- and desert-free land, with around 87% allocated to food production [6]. Land
plays a pivotal role in fueling economic development by generating livelihoods in agriculture,
agribusiness, and the food industry. Effective land management is essential for ensuring food
availability, security, and equity by maintaining a dependable supply of staple crops and is
instrumental in conserving biodiversity, preserving ecosystems, and limiting malnutrition.

However, using land for sustenance comes with significant challenges. Unsustainable
practices such as deforestation for crop expansion and land degradation from excessive
farming have severe environmental impacts. These include biodiversity loss, water pollu-
tion, and increased greenhouse gas emissions, highlighting the dangers of mismanaging
this critical resource. Additionally, climate change, closely tied to land use, presents further
complications. Alterations in weather patterns, desertification, and shifts in agricultural
zones disrupt established food systems and make traditional land management practices in-
sufficient. This situation necessitates rethinking the future of food production and adopting
sustainable land use practices.

Farmers face the daunting task of meeting the food needs of a population projected to
approach nearly 10 billion people by 2050. With approximately 2 billion people currently
employed in agriculture, this sector must remain a catalyst for inclusive economic and social
development, contributing significantly to poverty and malnutrition reduction. However,
the impacts of agriculture are substantial and escalating, threatening food production
through land degradation, water scarcity, and the adverse effects of climate change. As the
global population and incomes rise, the overall food demand is expected to surge by more
than 50% by mid-century, with the demand for animal-based foods projected to increase by
nearly 70%. Forecasts indicate that, without intervention, cropland and pastureland will
expand by nearly 600 million hectares by 2050 [7].

A significant contributor to this complex challenge is the production of greenhouse
gases (GHGs), with the food system currently accounting for approximately 17.5 gigatons
of GHG emissions annually [6,8]. Recognizing the urgency of addressing food loss and
waste, the Sustainable Development Goals (SDGs) include Target 12.3, which calls for halv-
ing per capita global food waste by 2030 [9]. Indeed, a staggering 26% of GHG emissions
can be attributed to the food system. Water scarcity also looms, with profound implications
for food loss and waste. As an example, the global water withdrawals of the food industry
exceeded 4000 billion m3 in 2014 [10]. While freshwater resources seem to be sufficient to meet
the agriculture demand by 2050 on a global scale, effective water management is crucial to
ensure sustainability in food production and mitigate the impacts of water loss.
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The energy footprint of the food system warrants careful consideration. As one of
the largest energy consumers globally, the food sector accounts for approximately 30% of
total energy consumption [11-13]. Some reports suggest that this figure reaches around
200 EJ yearly [11,12,14,15], underscoring its significant energy demands and contribution to
greenhouse gas emissions, which amounts to over 10% of the total [6,8]. However, imple-
menting efficiency measures and adopting innovative technologies can mitigate the environ-
mental impact of the food industry [16,17]. To this end, Shah et al. [18] provided valuable
insights. Their research evaluated the potential for increased energy efficiency in G20 countries
through a transition to a renewable energy model by assessing productivity changes using
the Super Efficiency Slack-Based Measure (SBM) model and the Malmquist-Luenberger (ML)
index. This analysis is particularly relevant given the current reliance on non-renewable energy
sources, which constitute 85% of the energy model.

Strategies to achieve the goal of the modern food system encompass minimizing
food waste, optimizing energy usage, recycling waste materials and energy, integrating
renewable energy sources, enhancing transportation and logistics efficiency, and lever-
aging innovation and digitalization in control and process technologies [19,20]. These
multifaceted approaches reduce energy consumption and greenhouse gas emissions while
improving public health, social equity, and economic prosperity.

Contribution, Scope, and Methodology

This paper aims to provide a comprehensive review of food systems from an energy-
environmental perspective in the wake of escalating global challenges, including rapid
population growth and increasing food demand. The primary research objectives include
presenting a detailed analysis of the current energy and environmental footprints associated
with food systems, highlighting key areas where efficiency improvement can mitigate
negative impacts and address social implications. Investigated key topics include food
trade dynamics, energy utilization patterns, and environmental implications (e.g., land
usage, food loss and waste, and carbon and water footprints).

This review synthesizes extensive literature, drawing from authoritative documents,
reports from official organizations, accredited databases, and highly cited scholarly papers.
By amalgamating and re-elaborating these data, the paper depicts the food system’s energy and
environmental aspects, significantly influenced by global dietary habits. The analysis delves
into various food sectors and products through different world regions and covers all phases of
the food supply chain. This extensive coverage ensures a holistic understanding of the topic.

The paper explores potential pathways for improving energy efficiency within the
food system. It details practical interventions successfully implemented to achieve energy
savings and reduce environmental footprints. These interventions are presented as real-
world examples, demonstrating their effectiveness in practical applications.

To the best of the authors” knowledge, while thousands of papers have been published
on specific aspects of this topic, most focus narrowly on their respective domains. This paper
seeks to advance the current literature by examining the global food system, providing a
unique and comprehensive perspective that spans the entire supply chain. Through this
approach, this paper contributes significantly to understanding how integrated, system-
wide strategies can enhance sustainability and efficiency in food systems worldwide.

This paper consists of three main sections and provides an extensive overview of the
global food trade, energy dynamics, and environmental impacts, presenting data segmented
by food sector, geographical region, and supply chain phase. The subsequent section delves
into the intricate relationship between water usage and food production, highlighting the
implications for the water footprint. Finally, this study examines energy efficiency solutions,
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both conventional and non-conventional, which have the potential to yield benefits in terms
of energy conservation, environmental sustainability, and economic viability.

This work aligns closely with the United Nations Sustainable Development Goals
(SDGs) [21], specifically SDG 7 (Affordable and Clean Energy), by investigating energy
production from renewable sources and SDG 13 (Climate Action) and exploring greenhouse
gas (GHG) emissions reduction strategies.

2. Overview of Food Trade, Energy, and Environmental Impact

The interplay between food trade, energy consumption, and environmental impact
presents multifaceted challenges and opportunities in the complex landscape of global food
systems. Understanding the dynamics of these interactions is crucial for devising effective
strategies to enhance sustainability and resilience in the food sector. The comprehensive
overview presented here delves into key dimensions of this intricate nexus, beginning with
an analysis of global food sales, import-export dynamics, and the evolving dietary patterns
shaping land usage for food production, manufacturing, and distribution. Subsequently,
this section directs insights into the food loss and waste problem, examining its substantial
contribution to greenhouse gas emissions and environmental degradation. Furthermore,
it investigates the food industry’s carbon footprint, tracing the trajectory of greenhouse
gas emissions and projecting potential pathways for emission reduction by 2050. Finally,
the energy landscape is addressed, highlighting opportunities for efficiency.

2.1. Global Food Sales

To gain insight into the impact of the food sector on the world economy, Figure 1 provides
a detailed examination of sales and shipment values, illustrating the dynamics at both local
and global levels.

Overall, the global food trade generated revenues of 1 T$ in 2021, underscoring the
immense economic significance of the sector [22].

This analysis extends to global dynamics, as illustrated in Figure 1a,b, highlighting
imports and exports per continent based on data from [22], reflecting acquisitions in 2020.
Trade patterns vary significantly across regions and commodity groups.

In Figure la, Europe emerges as the first exporter and importer, with respective
volumes of 450 and 520 billion USD, followed by Asia (250 and 400 billion USD) and the
Americas (280 and 220 billion USD). Africa and Oceania account for a smaller share of
trade, highlighting Africa’s poor economy.

Figure 1b presents a detailed breakdown, illustrating the main food sectors (sugar and
honey, meat and derivatives, fruits and vegetables, fish, fats and oils, dairy and eggs, cereals,
and beverages). The highest individual flows pertain to fruits and vegetables. Regarding
this, Europe imported 138 billion USD and exported 101 billion USD in 2020. Asia takes the
lead in importing cereals and their derivatives, fats and oils, meat and its derivatives, sugar,
and honey. Meanwhile, Europe is the foremost importer of beverages, dairy products, eggs,
fish, and fruits and vegetables. Asia recorded a trade deficit of 59 billion USD for meat,
while Europe boasted a surplus of 37 billion USD for cereals. While the Americas and
Europe are net exporters in most categories, each region exhibits significant net imports in
specific categories. For instance, the Americas had a deficit of 17 billion USD for beverages,
while Europe had a deficit of 37 billion USD for fruit and vegetables.
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Figure 1. Food imports and exports by main groups. Total values (a), food product share (b),
including food groups (sugar and honey, meat and derivatives, fruits and vegetables, fish, fats and
oils, dairy and eggs, cereals, and beverages).

2.2. Dietary Supply and Land Usage

Dietary habits [23] play a pivotal role in shaping food production and, consequently,
influencing land usage. Figure 2 illustrates the interconnectedness of these two factors.
Specifically, Figure 2a highlights the distribution of dietary energy supply by continent
and food category aggregates. The global average dietary energy supply, measured in
calories per capita per day, exhibited a steady increase, reaching approximately 2960 kcal
per person per day between 2019 and 2021, marking a 9% rise compared to the period from
2000 to 2002 [22]. Notably, Northern America and Europe boast the highest dietary energy
supply collectively at around 3540 kcal per person per day, with a substantial disparity
compared to Africa (approximately 2600 kcal per person per day) [24].
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Figure 2. Share of dietary energy supply by continent and food aggregate (a); land use of foods (b).

The composition of the dietary energy supply, as delineated in food balance sheets,
demonstrates significant variation across regions (Figure 2a). Of particular note is the
remarkably high proportion of cereals and root-derived food consumption in Africa, ac-
counting for approximately 67% of the total, a figure considerably higher than that of any
other continent. European and American habits are quite similar. Asians are great con-
sumers of cereals (about 50%) at the expense of meat, dairy, and eggs-based food. Oceania
also reveals high meat consumption.

The dietary habits of a population significantly influence the production process, start-
ing from the very first step involving the cultivation of raw materials. Consequently, these
practices also affect land usage decisions. Given the rapid growth of the global population,
the impact on land utilization is a critical aspect to consider. Figure 2b delineates the
land utilization associated with food production facilities [6]. The present-day agricultural
system is notably resource-intensive, encompassing approximately 43% of the world’s
ice- and desert-free land. Within this expanse, approximately 87% is allocated to food
production, while the remaining 13% is designated for nonfood uses such as biofuels and
textile crops like wool and leather [6].
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Figure 2b reveals that the meat sector alone accounts for approximately 70% of the
land utilization data. Notably, lamb and mutton meat exhibit a substantial land footprint,
requiring about 375 square meters per kilogram of product, followed closely by beef,
with an approximate requirement of 320 square meters per kilogram. When excluding the
meat sector, cheese and other dairy products also emerge as land-intensive commodities,
with a footprint of approximately 170 square meters per kilogram.

The Food and Agriculture Organization (FAQO) in the State of Food and Agriculture
2024 report highlights that the annual hidden costs of unhealthy diets are over 8000 billion
USD, corresponding to about 70% of the hidden expenses of the global food system [25].
The analysis adopts true cost accounting (TCA), considering economic, health, social, and
environmental effects, and shows different risks depending on specific food systems. Inad-
equate fruit and vegetable consumption represents a concern in traditional and “protracted
crisis” food systems, and excessive red and processed meat consumption is a significant
issue in industrialized scenarios. The report indicates that a collective effort of governments,
policymakers, businesses, and consumers is crucial to shift the global food system toward
sustainable and equity practices, aligning health, agricultural, and environmental policies,
removing socioeconomic disparities, and providing equal access to healthy food.

2.3. Food Loss and Waste

Food loss and waste (FLW) pose significant economic, social, and environmental
challenges contributing to significant negative impacts, including increased food insecurity,
carbon footprint, water footprint, and additional land usage, with direct consequences on
human health [26]. FLW involves inefficiency in the production chain, with consequent
economic loss for the stakeholders involved. In this regard, FAO makes available the
Food Loss and Waste database [27], which is the largest online collection of data.

When food is lost or wasted along the supply chain, it not only represents a waste of
valuable resources but also results in the unnecessary release of GHGs during production,
processing, transportation, and disposal stages. These emissions contribute to global
warming and climate change. Additionally, food waste exacerbates water scarcity issues.
The FLW energy implication is substantial, as the energy invested in growing, harvesting,
processing, and transporting the wasted food is essentially wasted as well. Therefore,
addressing food loss and waste is crucial for reducing environmental, social, and economic
impacts while conserving resources and mitigating climate change.

As per [28], FLW accounts for approximately 14% and 17% of global food production.
Specifically, Europe grapples with around 88 million tons of wasted food annually, with a
breakdown revealing roughly 9 million tons lost during the agricultural stage, 17 million tons
during industrial processing, 4 million tons during distribution, and over 55 million tons at the
final consumption stage [29]. The annual economic ramifications of this waste are staggering,
surpassing 143 billion euros. Kummu et al. [30] estimated that 23-24% of the total use of
water, cropland, and fertilizers are employed to produce losses (freshwater: 27 m3/capita/year,
global cropland area: 31 x 103 ha/capita/year, total global fertilizer use: 4.3 kg/capita/year).
The study by Hoehn et al. estimated that approximately 38% of the energy embedded in total
food production is lost [31,32]. Furthermore, the supply chain necessitates 10-15 k] of fossil fuel
to produce just 1 kJ of food. Consequently, the environmental toll is significant, translating to
more than 3 Gtcopeq [6,33]-

Figure 3 provides a comprehensive overview of food waste, including the food loss index
(FLI) and associated GHG emissions. The food loss index measures the percentage of food lost
from the farm level up until retail, compared to 2015. Values greater than 100 show increased
waste since 2015, while lower values indicate a decrease. Figure 3a shows food loss per nation,
revealing significant waste levels, particularly in developed countries, where values range
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from 90 to 145 kg per capita. The highest value is in Nigeria, with about 240 kg per capita,
and household losses present the maximum impact. Conversely, the breakdown into retail,
out-of-home consumption, and household phases highlights the substantial waste occurring in
the United States and China during “out-of-home” consumption. For instance, approximately
64 kg and 46 kg of food are wasted out-of-home per person in the US and China, respectively.
Other regions show values below 30 kg per person. Remarkably, Australia exhibits significant
waste at the household stage, with around 102 kg of food lost per person. The retail phase
exhibits similar levels of waste across all the countries investigated. Figure 3b illustrates the
FLI over recent years, showing a general increasing trend up to 2020, followed by a decrease in
2021 due to the pandemic. In this instance, it is noteworthy that the FLI parameter globally
exceeds a value of 100. Generally, all regions report values greater than 100, except Asian areas.
North America consistently records the highest FLI, exceeding 100 in 2020.

Figure 3c displays the share of food loss by continent, considering the value chain
“production, handling and storage, processing distribution and market, and consumption”.
North America and Oceania stand out as the regions with the highest food waste during
consumption, reaching 61%. Another significant contributor to concerns during the con-
sumption stage is Europe, accounting for 51%, closely followed by industrialized Asia at
46%. Conversely, Sub-Saharan Africa presents the lowest quota with only 5%. The other
phases of the value chain are aligned around similar values, except for Sub-Saharan Africa,
showing 39% during the production phase and 37% in handling and storage (with South
and South-East Asia). Instead, North America and Oceania are “more virtuous” during the
other phases.

Lastly, Figure 3d presents a more detailed depiction of GHG emissions directly as-
sociated with the food system. The food supply chain generates 13.7 billion metric tons
of carbon dioxide equivalents, representing 26% of total anthropogenic greenhouse gas
emissions [32], with 6% corresponding to never-consumed food. A previous study [30]
suggested that around half of the losses could be prevented with a more efficient supply
chain. Mitigating FLW is a critical strategy to reduce energy consumption and climate
change, and transforming residues into valuable new byproducts or bioenergy represents a
viable option [34,35].
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Figure 3. Food waste: waste per major contributors (a); food loss index (b); share of food loss by
continent (c); GHG emissions linked to food waste (d).

2.4. Carbon Footprint

Food production (i.e., from cultivation to consumption) is intricately linked to GHG
emissions, contributing significantly to the carbon footprint. The path begins with crop pro-
duction, where emissions arise from land use change, fertilizer application, and fuel use in
machinery. As crops progress through the supply chain, emissions continue during the man-
ufacturing and processing stages, driven by energy-intensive operations and transportation.
Retailing further adds to the footprint through refrigeration and packaging processes. Even
at the end of its life cycle, food waste decomposes, emitting methane, a potent GHG and
global warming potential (GWP) agent. The implications of these emissions are profound,
exacerbating climate change, disrupting ecosystems, and threatening food security. Major
contributors to food-related greenhouse gas emissions include livestock farming, particu-
larly beef and dairy production, which generates methane and nitrous oxide. Additionally,
rice cultivation and deforestation for agricultural expansion significantly contribute to
carbon emissions. Addressing these emissions requires holistic approaches, including
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sustainable agricultural practices, efficient supply chain management, and reducing food
waste at all stages of production and consumption.

Figure 4 presents data on food system GHG emissions [6,8,36]. Figure 4a illustrates
the trend of GHG emissions over time, spanning from 1990 to 2021. The data reveal a
linear growth trend, with GHG emissions approaching 16.6 Gtcogeq in 2015. If this trend
continues, GHG emissions could reach approximately 18.6 Gtcozeq in the coming years.
The study by Crippa et al. [8] presents more alarming figures: according to their research,
annual global emissions from the food system amounted to 18 gigatons of CO, equivalent
in 2015, accounting for 34% of total greenhouse gas emissions [8].

Figure 4b provides a geographical breakdown of major GHG emitters. China emerges
as the largest producer, accounting for 13.5% of emissions, followed by Indonesia (8.8%),
the USA (8.2%), Brazil (7.4%), and the Russian Federation (2.6%). Canada is also a notable
producer of GHG, contributing 2.1% of emissions. This value significantly increases when
calculated per capita. For a more detailed analysis, Figure 4c goes deeper into the GHG
emissions within the USA food system, examining emissions per sector and gas source.
Agriculture and land use change (strictly interconnected) collectively contribute to 78% of
emissions, while food manufacturing, processing, packaging, transporting, and retailing
contribute 19%. Phases closely linked to the food industry, such as processing and packag-
ing, cover 10% of GHG emissions. The result underscores that a potential 10-19% reduction
in GHG emissions in the food industry is achievable with best practices and improvements
in process efficiency. Further investigation reveals that 53% of GHG emissions stem from
direct CO, emissions, 37% from CHy, and 10% from N,O. Lastly, Figure 4d illustrates
GHG production per food product, measured in kilograms of CO, equivalent per kilogram,
considering the land use and supply chain. Foods directly and indirectly derived from
meat exhibit a significant impact, with beef-derived products contributing approximately
120 kgcozeq per kg of food product. As observed, the effect of non-meat foods on GHG
emissions is quite negligible. The results indicate that adopting good dietary practices
could significantly mitigate GHG emissions within the food system.
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Figure 4. GHG food system emissions: year perspective (a); share of GHG per nation (b); GHC per
sector and per gas source for USA (c); GHG production per food product (d).

Path for CO, Emissions Reduction by 2050

Under the 2050 business-as-usual baseline with projected yields from the FAO, total
agricultural emissions from land use change and production will rise to 15 Gt per year by
2050. Urgent changes are necessary in global food production and consumption practices.
In the coming decades, the agricultural system must address pressing and sometimes
conflicting needs. A previous study [7] proposed comprehensive solutions to achieve a

sustainable food future while meeting growing food demands. The report introduced a
22-item “menu for a sustainable food future”, categorized into five “courses” to (1) curb
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the rising demand for agricultural and food products, (2) boost food production by pre-
serving land use, (3) take advantage of the reduced need for agricultural land to protect
forests, (4) increase fish availability by optimizing the management of aquaculture and
wild fisheries practices, and (5) lower GHG from agricultural practices.

A pathway for reducing CO, emissions by 2050 is defined using the GlobAgri-WRR
model introduced in reference [7]. Figure 5 illustrates how implementing the five courses
of action could help mitigate the rise in global temperature by reducing and limiting GHG
production associated with agriculture. The analysis considers three scenarios: Coordinated
Effort, Highly Ambitious, and Breakthrough Technologies. In the figure, the “Restore forests
and peatlands” component involves the restoration of a minimum of 80 million hectares of
reclaimed agricultural land through reforestation efforts to achieve the target of 4 Gtcozeq
per year by 2050 and limit global temperature rise to 2 °C. Alternatively, for an even more
ambitious approach to limit warming to 1.5 °C, restoring a minimum of 585 million hectares
of reclaimed agricultural land through reforestation could significantly mitigate global
emissions from agricultural production for an extended period.
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Figure 5. Potential path for food-related GHG reduction.

The urgency to mitigate greenhouse gas (GHG) emissions resonates deeply within
the research community, prompting focused efforts to explore strategies aimed at tackling
the root causes. Recent scholarly work delves into specific aspects that could contribute
significantly to this objective. The study by Read et al. [37] revealed that about 16-18% of
the total environmental impact of the US food system is related to food loss and waste,
spanning groups such as energy consumption, eutrophication and GHG warming potential,
and land and water use. Reducing food loss and waste by half at all supply chain stages
could diminish the food system’s overall environmental footprint by 8-10%. Agbelusi
et al. [38] explored strategies to minimize the carbon footprint within the agricultural
supply chain, emphasizing sustainable practices and innovative technologies, including
organic farming, agroforestry, and soil management. The study highlights the advantages
of renewable energy sources like solar and wind power in agricultural operations, which
decrease reliance on fossil fuels. Additionally, biogas and biomass production from or-
ganic waste represents a sustainable energy alternative that reduces waste and curtails
carbon emissions traditionally associated with waste disposal. Precision agriculture tech-
nologies such as GPS, IoT sensors, and data analytics enhance resource efficiency and
lower emissions by optimizing inputs and reducing waste. The case studies analyzed in
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the paper demonstrate significant improvements in productivity and reductions in en-
vironmental impact. Moreover, the study outlines that measures to boost supply chain
efficiency, including green transportation options, sustainable packaging, and optimized
logistics, contribute to emission reductions and cost savings. Another study [39] aimed
to pinpoint crucial factors that alleviate inefficiencies throughout the entire food supply
chain. It offered comprehensive and actionable insights for stakeholders to enhance their
operations by categorizing enablers into “givens” (regulations and governance), “means”
(technology, financial implications, perishability, logistics, and traceability), and “ends”
(inventory management, storage, collaboration, trust, hygiene, packaging, and information
sharing). Li et al. [40] delved into the emissions associated with dietary habits, revealing
disparities in dietary emissions within countries based on detailed expenditure data. They
drew attention to the lower emissions attributed to individuals in less affluent conditions.
Their analysis covered 139 countries and 140 food products, noting that higher expenditure
groups typically generate more dietary emissions due to increased dairy and red meat
consumption. The study concluded that global annual dietary emissions could decrease by
17% if the EAT-Lancet planetary health diet were adopted globally, mainly due to shifts
from red meat to legumes and nuts. This dietary change would allow 56.9% of the global
population, currently over-consuming, to reduce global emissions by 32.4%, offsetting a
15.4% rise from under-consuming populations transitioning to healthier diets.

2.5. Energy Share in the Food System

Energy plays a crucial role in various food processes, encompassing heating, cooling,
drying, refrigeration, processing, packaging, and transportation [41,42]. Some reports
suggest that around 200 EJ per year are consumed [11,12,14,15], with approximately 45%
attributed to food processing and distribution activities in developed countries, 30% to
cooking, preparation, and retail, and 25% to production stages [13]. To delve into the energy
distribution across the food supply chain, Figure 6 presents insight data [43].

Figure 6a illustrates the contribution of the food supply chain (FSC) to European
per capita energy consumption, estimated at around 11 GJ per capita for the Joint Research
Centre (JRC) basket [44]. The chart depicts the energy sources used, ranging from fossil fuels
to nuclear energy and renewables such as wind, solar, hydro, and biomass. It is immediately
evident that the food system continues to rely heavily on fossil fuels, particularly in the
agricultural phase, where usage is approximately 9-10 times greater than other energy
sources. This ratio decreases to about 2-3 times in the industrial phase. In detail, the
analysis shows that agriculture and industrial processing are the most energy-intensive
steps, with 3662 M] per capita and 2754 M] per capita, respectively. Agricultural activities
primarily encompass crop cultivation, animal breeding, and waste management, while
industrial activities include ingredient processing, slaughtering, chilled and frozen storage,
and waste management. Logistics, packaging, and use range from 1057 MJ per capita
to 1520 MJ per capita. Specifically, food use encompasses cooking, cold storage, and
transportation from the retailer to the home, while other transportation stages fall within
the logistics phase. The end-of-life stage, involving final waste disposal and wastewater
treatment, presents the lowest share, corresponding to 630 MJ per capita.

The energy end use (EEU) for a Swedish case study in the food industry is illustrated in
Figure 6b, highlighting both production and support processes across related departments.
The analysis systematically examines and identifies the energy distribution in each section,
facilitating the identification of critical nodes. The production area accounts for 70% of primary
energy consumption, with heating and cooling constituting approximately 63%. The support
section comprises 30% of energy requests, distributed relatively evenly among departments.



Energies 2025, 18, 296

14 of 40

4000 600

3500 -

w
(=]
o
o

2500 -

2000 -

1500 -

Energy use [MJ/citizen]
w
o
o

Energy use [MJ/citizen]

1000

500 -

B

Agriculture Industrial Logistics Packaging Use End of life
processing
Fossil I l Wind, solar and geothermal m Nuclear m Hydro m Biomass
(a)
Compressed air
3%
Other support proc. Ventilation
3% 3%

Hot water
%

U‘:’l:n; \ ‘

Support Processes
30%

Heat processing
45%

Space heating
9%

Production Processes

Size conversion
2%

Other production proc.
5%

(b)
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3. Water-Energy-Food Nexus

The nexus approach typically refers to the interconnectedness between water, energy,
and food systems [45]. Regarded by numerous scholars as a vital area for shaping policy
and governance in a world grappling with climate change, population increases, and dis-
parities in resource access, the water—energy—food (WEF) nexus offers a strategic framework
for integrated resource management. The study outlined in reference [46] delves into the
evolution of the WEF nexus, presenting diverse interpretations of this concept. Essentially,
the WEF nexus examines the relationships among these three crucial sectors, focusing on
the potential synergies, conflicts, and compromises that result from their collective man-
agement. According to the literature [46], consensus on the precise definition of the WEF
nexus remains elusive, with multiple similar yet distinct interpretations coexisting [47,48].
The World Economic Forum initially prioritized water security within this framework,
hence its occasional reference as the WEF security nexus. According to a previous study [49],
the emphasis was predominantly on resource security for the initial four years following
the Bonn 2011 Conference [50], but the scope has since widened to encompass the interde-
pendencies and integration essential for sustainable resource use. The ongoing discussion
about the nexus’ exact nature and practical applications suggests its status as a dynamic
and maturing concept. Several authors have pointed out the inherent complexity in man-
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aging even a single resource, which is compounded when orchestrating the integrated
management of interconnected resources [51]. Benson et al. [46] even questioned whether
the WEF nexus effectively ensures resource security for all. The scholarly papers under
review express concerns that sustainability is being treated as a security issue, focusing
unduly on one aspect of sustainable development at the expense of others. To counter this,
the Sustainable Development Goals provide a foundation for advancing the WEF nexus
with a steadfast commitment to “leaving no one behind” [52]. Furthermore, managing WEF
nexus-related trade-offs requires accounting for their potential to mitigate international
tensions. Incorporating a multi-centric approach introduces complexity, especially when
assessing the myriad interconnections, compromises, and catalysts involved.

Despite the complexity of these interconnections, this section aims to contextualize
the overall discussion within the realm of “water—food” relationships, presenting data and
correlations from recent and reputable reports and scholarly articles.

The water footprint (WF) metric permits us to measure and quantify water usage across
different processes [41,53-56]. The WF serves as an indicator of both direct and indirect
water consumption. It refers to the overall amount of freshwater consumed producing
goods and services. This concept has been integrated into water management science to
highlight the significance of consumption patterns and the global implications for effective
water governance. Two-thirds of freshwater withdrawals are for irrigation. However,
irrigation returns less water to rivers and groundwater than industrial and municipal uses
and predominates in water-scarce areas and times of the year, driving 90 to 95% of global
scarcity-weighted water use [57-59]. Figure 7 showcases the path and the cycle of water,
focusing on the food supply chain [57,59]. The plot represents the interconnections between
water resources and food security, incorporating various elements such as the water cycle,
safety aspects, and connections to energy usage [59].
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Furthermore, irrigated agricultural production consumes about 85% of withdrawn
resources. Utilizing these resources, irrigated agricultural lands account for 40 percent of
global food output while occupying 20 percent of the cropland [58]. The energy sector
accounts for almost 10 percent of global water withdrawals [58].

The food industry requires large amounts of water for various purposes, such as
washing, processing, and cleaning. In 2014, global water withdrawal was quantified at over
4000 billion m? [10], scoring a slight decrease to reach about 3900 billion m® in 2020 [60].
The availability of freshwater resources is projected to be adequate for agriculture to fulfill
its demand needs by 2050 on a global scale, provided that there is appropriate investment
and technology. However, there is considerable disparity in the water availability between
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and within countries, and severe water scarcity is forecasted in areas such as the Near East,
North Africa, South Asia, and other regions [61,62].

Figure 8 reports the analysis of water withdrawal worldwide by continents and sectors,
drawing on and reprocessing resource data [63,64]. Figure 8a illustrates the correlation between
population growth and global water usage. Water consumption paralleled the upward trajec-
tory of population expansion until the year 2000. Subsequently, due to the implementation of
awareness-driven policies, a change in this trend occurred, culminating in a recorded figure of
3900 billion m® in 2020, as mentioned above. The chart also illustrates the range of potential
scenarios, highlighted by the “scissor edges”. The water demand is projected to increase
significantly over the next two decades [65]. By 2050, the global water demand for all uses is
expected to grow by 20% to 30%, reaching between 5500 and 6000 km? per year.
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Figure 8. Water withdrawal worldwide: annual global value and population (a); continent distribu-
tion (b); sector share (c); continent and sector distribution (d).

A continent-specific breakdown (Figure 8b) reveals that Asia is the foremost consumer
and contributor to water wastage, accounting for 65%, trailed by the entire American continent
at21%. Europe and Africa collectively account for 13%. A sectoral analysis further underscores
that agriculture ranks as the primary water consumer, constituting 70%, while the industrial
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sector follows at 19% (Figure 8c). Interestingly, when examining the allocation of water
consumption by continent and sector (Figure 8d), Europe’s industrial sector emerges as an
exception, consuming more water than its agricultural counterpart (57% vs. 21%). In contrast,
water withdrawals in agriculture are notably predominant in Asia and Africa, accounting
for 82% and 81%, respectively. These proportions decrease to 60% in Oceania and 51% in the
Anmericas, though they still represent the highest shares. Industrial water withdrawals vary
significantly, ranging from 5% in Africa to 34% in the Americas.

Notably, the food sector straddles agriculture and the domain closely associated with
food processing, which forms a segment of the industrial sector. Consequently, in any
endeavor to enhance water utilization efficiency, the agricultural sector naturally emerges
as the first focal point, with the food industry following closely in second place.

Water use in the food industry varies greatly depending on the specific sector, with
some industries being much more water-intensive than others [66]. For example, the meat-
processing industry requires significantly more water than grain or vegetable production.

Figure 9 presents further investigations in the context of water withdrawals.
Figure 9a reports the WF per kg of product. Cheese is now in first position with a value of
over 5600 L per kg, followed by nuts with 4130 L/kg and fish with 3690 L/kg. Beef-derived
food is in fifth place, showing about 2710 L per kg, while lamb and mutton exhibit a WF of
about 1800 L per kg [6].

Figure 9b reports the share-out per food sector (e.g., sugar and sweet, meat sector,
dairy products) and per phase (i.e., crop production, livestock production, energy, and
processing and packaging). As observed, energy involvement is more pronounced in the
fishery and beverage sectors, while it remains relatively negligible in fruit and vegetable
production. Conversely, water withdrawals are substantial during the livestock phase,
particularly for meat production and fisheries.

Figure 9¢,d refer to the US food system, according to the US Department of Agriculture
(USDA) [67]. Figure 9c reports water usage per component of the supply chain and shows
that crop production has the highest impact (63%), and fundamental contributions derive
from energy and households, with 13% and 16%, respectively. Figure 9d delves deeper into
the water usage per food sector, reporting the meat and fresh vegetable segments as the
most water-intensive.

As known, water classification typically adopts colors such as blue, green, and
grey [68]. Blue water measures the volume of surface and groundwater adopted for
production processes. Green water refers to rainwater consumption, and grey water defines
the amount required to dilute pollutants. The scientific community is very sensitive to
the topic of the water footprint and there are many papers published on this topic, with
many focused on agri-food and food manufacturing [69-73]. In China, the water footprint
(WF) of residents’ food consumption amounted to 605.12 billion m? per year, showing
a general upward trend over time [74]. The highest contribution came from the green
WE, accounting for 69.4%, while the grey WF corresponds to 18.7% and the blue WF to
11.9%. Specifically, grains contributed 37.5% to the total water footprint, while pig, beef,
and mutton consumption accounted for 22.6%. A comprehensive review [71] focused on
various water uses, finding green water the most consumed, whereas Gerbens-Leenes
et al. [75] examined the water footprint of poultry, pork, and beef across different countries
and production systems.
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In addition, there is also concern about the quality of the water discharged from
food-processing plants. Indeed, it is crucial to implement water management strategies that
conserve water resources and reduce the environmental impact. Such approaches include
using water-efficient technologies, optimizing water use in production processes, and treat-
ing and recycling wastewater. The research community increasingly emphasizes the critical
role that the recycling and recovery of wastewater can play. The body of literature in this
field is rapidly expanding. For instance, a previous study [76] pointed out that wastewater
treatment can effectively contribute to achieving 11 out of the 17 Sustainable Development
Goals (SDGs). Bailone et al. [77] noted that while many industries have invested signifi-
cantly in this area, legal barriers and public health and safety concerns hinder wastewater
reuse in several countries. Another paper [78] detailed the experiences and challenges
encountered during the implementation and successful three-year operation of a full-scale
water reuse station at one of the largest poultry slaughterhouses in Europe. The authors
reported that the water reuse system has provided a stable supply of 4000 m> per day of
high-quality water, contributing to the site’s substantial demand of 10,000 m® per day, and
has reclaimed over 4 million m® of water since 2020. The significant reduction in water
consumption, approaching 20-50%, according to the recycling and reuse of wastewater
principle, is also estimated and confirmed in the study [79].

Dietary changes address the reduction in water withdrawal. For instance, shifting toward
dietary patterns aligned with recommended guidelines will potentially decrease China’s water
footprint by 15% by the year 2050 [80]. Hoekstra, Mekonnen et al. [66,81] highlighted that
the adoption of plant-based diets as a substitute for meat-centered options could decrease
the total water footprint by 36-40%. Additionally, the literature [82] indicated that vegetarian
diets with modest quantities of low-trophic-level animals (e.g., forage fish and insects) exhibit
a lower WF than strictly vegan solutions. Water loss noticeably contributes to food loss and
waste and significantly impacts global food security. Kummu et al. [30] calculated that the
annual water footprint associated with food loss and waste amounts to 215 km?, representing
12-15% of the total WF, and vegetables, cereals, and fruits account for about three-quarters
of the FLW water footprint. Mekonnen and Fulton [83] reported the benefits of addressing
food loss and waste within the US food system, showing higher benefits than merely moving
toward vegan or vegetarian diets. Climate and land use change are expected to further stress
water availability [84].

According to the literature [81], establishing maximum limits on WFs for each river
basin, defining benchmarks for the WF by product, and ensuring equitable WF distribution
among communities can significantly reduce the water footprint. Proper soil and water
management practices and initiatives to reduce food loss are fundamental [85]. Moreover,
a strict interaction between economic and pure technical assessments is crucial to ensure
efficient global water allocation [86].

4. Energy Efficiency Solutions

After water usage and footprints in the food supply chain from farming to home-
consuming, this study turns to sustainable solutions for saving energy, first, and secondly,
for optimizing the resources’ usage, water included.

Energy expenditure imposes a substantial financial burden on the food industry. Integrat-
ing energy-conserving strategies can curtail costs and diminish the ecological and hydrological
footprint [87]. An effective approach involves the fine-tuning of production processes and
machinery. Employing energy-efficient technologies can bring about reductions in energy con-
sumption and expenditures. Numerous strategies can be embraced, including high-efficiency
electric motors and variable-speed motors [88-90]. Novel food preservation methods with
minimal ecological impacts and waste generation are paramount, presenting a pivotal avenue
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for curtailing the energy imprint [91,92]. The reclamation of waste materials and surplus
energy resources, whenever feasible, yields substantial energy economies [79,93-97]. Harness-
ing external air and incorporating desiccants or absorbent materials into the circulation can
optimize the energy-intensive drying processes [98].

Effective equipment maintenance and periodic energy assessments can pinpoint op-
portunities to reduce energy usage. The deployment of energy management systems
and intelligent meters facilitates the monitoring and regulation of energy consumption,
affording opportunities for enhancement. Emerging methodologies, grounded in uncon-
ventional technologies or built upon the Internet of Things (IoT) and sensor electronics, are
increasingly coming to the forefront, signifying the vanguard of technological advancement.

Management initiatives hold the potential to unlock over 46% of the total potential
savings, as outlined by Compton [98]. These initiatives are typically categorized into
three main groups: plant energy management measures, energy project management, and
integrated plant energy management programs. This study’s objective is to delve into areas
ripe for energy-related interventions. Table 1 provides an overview of the selected papers
used for this investigation, jointly summarizing the deriving energy gain.

Table 1. Paper selections for investigating areas susceptible to energy interventions.

Intervention on/with: Reference Notes and Energy Gain.

Conventional
Radiation and unbalanced losses can account for 0.2-2% of 10-500 MW size.
Gain of 1% can be achieved by 15% reduction in excess air.

Boiler and Addressing steam leaks can yield efficiency gains of 3-5%.

steam distribution

[88,98-100] Maintaining and inspecting steam traps can result in fuel savings of approximately 10%

Additional 5% of potential savings can derive from an automized control
system.Partialization could achieve up to 10% in fuel savings.

Condensing economizers

Improvement of system efficiency by up to 10-25%

Gain of 1% in efficiency for every 5 °C reduction in exhaust gas temperature.
Fuel saving of 5-10%.

Limit of 120 °C in the flue gas to avoid corrosion.

[101-105]

Waste heat recovery

Energy wastage in the food industry can range from 10% to 45%. Major sources are
heating and refrigeration systems, hot water or air streams used in production, and
heat generated during various processing operations.

The technologies of recovery primarily take the form of heat exchangers.

Air preheaters are employed for gas-to-gas recovery within low to intermediate
temperature ranges.

Economizers are typically deployed in low to medium-temperature applications,
primarily for heating liquids.

ORC technologies are attractive in harnessing low-grade temperature waste heat
(from heat to power).

In the UK, 40 TWh/yr can be recirculated into facilities. Air preheaters powered by
oven waste heat can yield a 4% reduction in fuel consumption.

[104,106-109]

Heat pumps

The adoption within the food industry is regarded as advantageous when the

(110,111} coefficient of performance exceeds 3. Energy savings of around 20-45% can be achieved.

Refrigeration

Refrigeration is energy-intensive, the electrical energy consumption can account for

as much as 50-85%.

Head pressure control system can potentially save around 25%. Regular

performance maintenance can guarantee potential savings of 10-20%.
[107,112-120]  Minimizing the total compressor shaft work through optimization of pressure and

temperature levels leads to a 7.17% reduction in total shaft work.

Absorption chillers are typically a mixture of lithium bromide and water or

ammonia and water produce chilled water at a temperature of approximately 7 °C

when operated with a low-grade heat source like low-pressure steam.
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Table 1. Cont.

Intervention on/with:

Reference Notes and Energy Gain.

Heat and
power technology

When a facility sources its electricity from the local utility and generates thermal
energy by burning natural gas, the energy conversion process is only 30-35%

[121-131] efficient. However, employing CHP to generate electric energy on-site and use the
heat of system can substantially increase efficiency by up to 80%. CHP plants can
achieve a reduction in primary energy consumption of about 46%

Variable speed drives

[132-135] Variable speed drives have been shown to reach energy savings of 30-70%.

Non thermal technologies

Pulsed UV-light, Ultrasound, ionizing radiation, cold plasma, Pulsed Electric Field,

High Hydrostatic Pressure.

For instance, microwave assistance can reduce drying time by 25-90%, increase
[115,136-146]  drying rate by 400-800%, and reduce energy consumption by 32-71%. Ultrasound

assistance has also shown potential for reducing processing times, with reported

reductions of up to 11.5%. Pulsed and high electric fields involve short-duration

electric pulses.

Emerging technologies

IoT-centered, S3 ('sensing’, ‘smart’, and ‘sustainable’).

From the study [152], an annual energy savings of 172,281 USD and a reduction of
807,081 kWh in electricity consumption resulted by replacing outdated boilers,
upgrading lighting to LED systems, installing Variable Frequency Drives in
beverage filling pumps, replacing old electric motors with VFD-based ones, and
converting the chiller plant into a humidification system.

[147-153]

4.1. Conventional Technologies

Boiler and steam distribution—DBoilers constitute a significant portion of energy consump-
tion within food industries and necessitate substantial fuel quantities. Al Momani et al. [99]
identified and quantified potential causes of efficiency losses and presented strategies for
mitigation and enhancement. Significant heat losses emerge during the exhaust of flue gases
(approximately 10% to 30%) at typical temperatures of 150-250 °C. There is a significant
possibility to save heat by minimizing losses [88]. Deterioration in fuel and water quality,
among other factors, can result in suboptimal boiler performance [99,100]. For smaller 10 MW
boilers, unbalanced and radiation losses may account for 1% to 2% of the total fuel calorific
value, while for larger 500 MW boilers, typical values range from 0.2% to 1%. Every 15%
reduction in excess air can produce a mere 1% increase in boiler efficiency. Addressing steam
leaks can yield efficiency gains of 3-5%. Significantly reducing heat losses from uninsulated
pipes translates to substantial fuel savings. Furthermore, maintaining and inspecting steam
traps can result in fuel savings of approximately 10%, with an additional 5% potential savings
with automated monitoring system installation.

In a case study discussed in this paper focused on a boiler producing approximately
2440 kg /h of steam, energy-saving measures led to an estimated average monthly reduction
in diesel consumption of up to 16.63%, corresponding to an anticipated monthly cost savings
of approximately 14,205.85 Jordanian Dinars per month [99]. Another example presented
an energy-saving intervention centered around the heat generator [98]. The action reduced
natural gas consumption by 7.5%, leading to an annual saving of 279,000 USD, with a payback
period of 14 months.

Condensing economizers—Installing a condensing economizer can improve waste
heat recovery and steam system efficiency by up to 10%, as reported by the US Department
of Energy (DOE) [101]. Recent research indicates enhancements in the efficiency of con-
densing boilers, with gains ranging from 10% to 25% when compared to non-condensing
counterparts [102,103]. Integrating economizers within the boiler system has demonstrated
the capability to improve efficiency by approximately 1% for every 5 °C reduction in
exhaust gas temperature. Consequently, this suggests the potential for achieving fuel con-
sumption reductions in the range of 5% to 10% across the system [104,105]. It is important
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to note that there is a limit to the exploitation of waste heat, as corrosion is more likely to
occur when the flue gas temperature reaches the dew point of approximately 57 °C for
natural gas combustion products. The payback periods for condensing economizers are
often less than two years [104,105].

Waste heat recovery—Enhancing energy efficiency in the food industry through waste
heat recovery is a complex endeavor [104,106-108]. Depending on the specific process, en-
ergy wastage in the food industry can range from 10% to 45%. Primary waste heat sources
include heating and refrigeration systems, hot water or air streams used in production,
and heat generated during various processing operations. A comprehensive review of
waste heat recovery technologies is presented in a previous study [107]. These technologies
primarily take the form of heat exchangers. Air preheaters are employed for gas-to-gas
recovery within low to intermediate temperature ranges, especially in scenarios devoid
of contaminants. Economizers are typically deployed in low- to medium-temperature
applications, primarily for heating liquids. In contrast, waste heat boilers find their utility
in medium- to high-temperature settings, where they raise steam for power generation.
The organic Rankine cycle (ORC) has demonstrated its efficacy in harnessing low-grade
temperature waste heat among various thermodynamic cycles [154,155]. For example, in
the United Kingdom, a substantial 72% of industrial demand is attributed to industrial
thermal processes, with 31% classified as low-temperature process heat [109]. Notably,
nearly 20% of this (equivalent to 40 TWh/yr) is estimated to hold the potential for indus-
trial waste heat recovery [104]. The waste heat recovery for utilization in lower-temperature
operations offers significant economic benefits, including reduced fuel consumption and
decreased capital expenditures by selecting equipment with lower capacity. These stud-
ies [98,156] provide an overview of usual inlet temperatures for various food-processing
operations that can take advantage of waste heat sources at higher temperatures. The tem-
perature ranges can differ substantially depending on the processed products. Certain
processes like cleaning necessitate a temperature of 60 °C, cooking needs 110-115 °C, pas-
teurization requires 65-110 °C, whitening needs 85 °C, drying demands 30-120 °C, washing
needs 40-85 °C, sterilization requires 80-150 °C, boiling demands 95-105 °C, heat treat-
ment needs 40-60 °C, and drainage calls for 38-104 °C. Heat extraction from a refrigerant
condenser can be effectively carried out using a de-superheater, which can be installed
between the compressor and condenser to capture heat within the temperature range of
60-90 °C [104]. Conversely, heat recovery from cooking oven exhausts is feasible at temper-
atures of 150 °C [104]. A previous study demonstrated that air preheater implementation
can yield a 4% reduction in oven fuel consumption [157]. In an experimental setup, recu-
perating heat from the exhaust flow of an industrial baking oven produced the primary air
supply to the burner elevated to 105 °C.

Heat pumps—Heat pumps can be employed, especially in waste heat recovery, to ex-
tract heat from the exhaust of dryers. Studies have reported payback periods ranging
from 2 to 5 years [110]. Adopting a heat pump within the food industry is considered
advantageous when its coefficient of performance exceeds 3. The food industry frequently
involves evaporation and distillation processes. The study conducted by Cooper et al. [111]
reported energy savings in the range of 20% to 45%.

Refrigeration—On a global scale, the cold chain sector is experiencing rapid growth,
with a value exceeding USD 160 billion in 2018 and an estimated compound annual
growth rate of approximately 16% until 2026 [113]. Space cooling and refrigeration sys-
tems contribute significantly to greenhouse gas (GHG) emissions, accounting for around
4400 million metric tons of CO, equivalent in 2020, corresponding to over 10% of global
GHG emissions [113]. Enhancing the energy efficiency of space cooling and refrigeration
systems has the potential to reduce energy consumption and associated emissions. The rec-
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ommendations primarily focus on optimizing controls. By implementing a head pressure
control system to maintain correct pressure levels, potential annual savings of over 25% can
be realized [113]. Regular performance maintenance is also emphasized, with the potential
for savings ranging from 10% to 20% [113]. In an optimization study of a refrigeration
system, minimizing the total compressor shaft work through the optimization of pressure
and temperature levels resulted in a 7.17% reduction in total shaft work compared to
the original system [114]. Another study [115] demonstrated significant cost reductions,
ranging from 36.64% to 42.58%, between the extreme design points of the Pareto front for
NH3/CO, and C3Hg/CO; refrigerant pairs. The paper [116] introduced a data-driven
methodology to enhance refrigeration system efficiency through load-side interventions.
This approach consists of two main components: the first focuses on resolving individual
energy monitoring challenges through a disaggregation strategy, while the second block
manages cooling loads to minimize compressor simultaneity. The overarching goal of this
strategy is to improve overall energy efficiency, specifically in terms of electricity consump-
tion, by reducing the unnecessary operation of a second compressor. Experimental results
of the methodology reveal a 17% reduction in compressor electrical consumption and a
remarkable 77% reduction in operation time. Six key steps to achieve energy efficiency
for existing cooling systems were introduced in [112]: (i) analysis of the required cooling
capacity, (ii) the assessment of thermal insulation needs, (iii) an evaluation of refrigerant
distribution in the system, (iv) the assessment of control system equipment and heat re-
jection processes, (v) the optimization of maintenance, and (vi) the re-evaluation of the
system performance. For new installations, the process involves (i) integrated system
design, (ii) appropriate selection of the compressor, (iii) the selection of suitable evaporators
and condensers, (iv) the identification of the optimal heat transfer fluids and refrigerant,
and (v) reuse of waste heat.

When waste heat is present, an absorption chiller can be a viable alternative to meet
the cooling requirements [107,117,118]. An absorption chiller uses an absorption fluid,
typically a mixture of lithium bromide and water or ammonia and water, to produce
chilled water at a temperature of approximately 7 °C when operated with a low-grade heat
source like low-pressure steam. CO; is a promising natural refrigerant due to its non-toxic,
non-flammable, and cost-effective properties [119,120].

Heat and power technology—The viability of supporting combined heat and power
(CHP) solutions depends on the readiness of individual industries. The literature exten-
sively covers papers addressing diverse CHP systems deployed within the food industry
sector. For instance, to provide the benefits deriving from a CHP system, a previous
study [123] focused on a facility specialized in confectionery products, served by a com-
bustion engine-based cogeneration unit, by comparing CHP based on a gas turbine and a
steam power plant as alternatives, concluding that a 1.69 MW gas turbine would be the
best alternative. Another study [124] was centered around the optimal design of a CHP
unit for a frozen food processing factory, emphasizing the savings obtained compared
to the standard method design. Other research [158] confirmed the potential of CHPs to
noticeably decrease the environmental impact and energy costs in the citrus juice industry.
The proposed syngas gasifier-ICE system exploiting citrus residues satisfies 88% of the
electric request of the investigated juice plant, reducing the specific non-renewable energy
consumptions and CO, emissions by about 45%. Furthermore, it is essential to consider the
potential for transforming waste mass flows into biofuels or synfuels as a means of energy
recovery [125-128]. Through the gasification process, both cold (biogas, biomethane, and
biohydrogen [129,159,160]) and hot (syngas [127,161]) forms of fuel can be produced from
waste materials, offering great potential for energy generation within the circular economy



Energies 2025, 18, 296

24 of 40

and the waste-to-energy chain. Moreover, biofuels can be converted back into electricity
and heat, restoring the valuable chemical energy contained within the waste.

Variable-speed drives—Variable-speed drives have great potential with energy savings
of 30-70% [132-134]. Variable-speed drives have gained technical acceptance and economic
viability in applications such as air blowers, fans, and pumps. In a specific case study explored
in [135], variable-speed drives resulted in a remarkable 67% reduction in energy consumption
and greenhouse gas (GHG) emissions. The investment in this project yielded a payback period
of less than one year, demonstrating its rapid economic returns. Conversely, reciprocating
compressors exhibited a significantly higher payback period, estimated at 6.2 years.

Regular maintenance operations reduce unnecessary energy and fuel consumption.
Suggested measures involve the inspection of heat exchangers to prevent fouling, burner
efficiency assessment, insulation improvement, the evaluation of leaks and pressure drops,
checking filters, and addressing belt slippage.

4.2. Non-Thermal Technologies

Non-thermal technologies have also received significant attention in the reference litera-
ture [115,136-139]. They include high-pressure processing and microwave and ultrasound
assistance [162]. High-pressure processing uses pressure levels up to 1000 MPa for sterilization
and pasteurization without an external heat source. This technique retains more of the food’s
original taste, texture, and nutrition than thermal treatment. Microwave assistance [163] can
reduce drying time by 25-90%, increase the drying rate by 400-800%, and reduce energy
consumption by 32-71%, among other benefits. Ultrasound assistance has also shown po-
tential for reducing processing times, with reported reductions of up to 11.5%. Pulsed and
high electric fields involve short-duration electric pulses. Although the specific electricity
consumption is higher than other techniques, the total energy consumption decreases due to
shorter processing times, less water usage, and lower raw material needs [164].

Another comprehensive review [140] explored the recent applications and mechanisms
of non-thermal technologies in the food industry, shedding light on the potential prospects
of combining these treatments in food processing.

Ultraviolet (UV) radiation—UYV technology is increasingly recognized as a significant tool
in food processing, primarily due to its efficacy in disinfection and preservation [165]. This
technology operates on the scientific principle of using UV light, specifically UV-C radiation,
to destroy microbial DNA, effectively inactivating bacteria, viruses, and other pathogens
without chemical use. UV radiation treatment is particularly valued in the food industry
because it can extend shelf life, enhance food safety, and maintain food products’ nutritional
and sensory qualities. Commonly employed in water and surface purification, UV technology
is also used for treating juices, meat products, dairy products, milk, other liquids, and fresh
produce, ensuring they are free of harmful microorganisms. The benefits of UV radiation in
food processing are manifold, including reduced reliance on chemical preservatives, lowered
risk of foodborne illnesses, and compliance with stringent hygiene regulations. The food
industry can achieve higher cleanliness and safety standards by integrating UV technology,
improving consumer confidence and market competitiveness. UV light treatment is recog-
nized as an environmentally friendly and cost-effective technology, offering low maintenance,
installation, and operational costs.

Pulsed UV-light—This is a method for deactivating surface microorganisms using
short bursts of intense broad-spectrum light in the 200 to 280 nm spectral range. Although
each light pulse lasts only a fraction of a second, its intensity is 20,000 times greater than
that of sunlight at sea level and contains ultraviolet light. Currently, the United States
permits pulsed UV light technology adoption in food processing and packaging to eliminate
microorganisms in various food types [141]. Many references in the literature highlight its
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efficacy in reducing bacterial agents such as penicillium roqueforti, listeria monocytogenes,
salmonella, and other microorganisms [142,166].

Ultrasound systems—Ultrasound technology, particularly ultrasonic processing, is
gaining prominence in the food industry due to its innovative application and efficacy in
enhancing food quality and safety [167]. It induces mechanical vibrations in food materials.
Ultrasound is particularly effective for its non-thermal processing capabilities, which means
it can preserve the heat-sensitive nutrients and flavors in foods better than conventional
methods. Ultrasound consists of mechanical waves with a frequency exceeding the thresh-
old of human hearing, typically around 20 kHz. It can be categorized into three types:
power ultrasound (16-100 kHz), high-frequency ultrasound (0.1-1 MHz), and diagnostic ul-
trasound (1-10 MHz). The cavitation induced by ultrasound can lead to a rapid increase in
temperature, reaching up to 5500 °C, and a rise in pressure to approximately 50 MPa [168].
With their various conditions and frequencies, ultrasound systems offer a wide array of ap-
plications in the food industry. These include degassing, enhanced drying rates, defoaming,
filtration, emulsification, food preservation through the inactivation of microorganisms and
enzymes, and the extraction of active ingredients from food products. It is extensively used
in beverages, dairy products, and fruit and vegetable extract processing, where it helps in
the emulsification, homogenization, and acceleration of marination and brining processes.
The benefits of ultrasonic technology in food processing include reduced processing times,
lower energy consumption, minimal use of additives, and a reduction in the overall envi-
ronmental footprint of food production. This technology meets the industry’s demand for
resource-efficient and sustainable practices and caters to consumer preferences for natural
and minimally processed foods.

Irradiation—Three types of ionizing radiation are authorized: high-energy gamma
rays, X-rays, and accelerated electrons. Among these, the decontamination of spices, herbs,
and condiments is the most significant application [143]. While irradiation technology is
also effective for sterilization, its adoption in the food industry has been somewhat limited,
primarily due to consumer concerns associating it with nuclear technology.

Cold plasma—Often referred to as the fourth state of matter, it is generated at or near
room temperature and does not rely on thermal effects to eliminate pathogens. As a result,
it does not compromise the quality of food products during treatment [169]. The primary
objective of cold plasma application is the inactivation of microorganisms.

Pulsed Electric Field—This technology entails the application of high-voltage electrical
pulses, typically with a field strength ranging from 20 to 80 kV-cm ™!, to food products
placed between two electrodes. This process occurs over a short duration, from several
nanoseconds to several milliseconds, to prevent significant heating effects. PEF’s primary
objective is the inactivation of microorganisms.

High hydrostatic pressure processing treatment—This technique relies on water as
a medium for transmitting pressure to the food product. It effectively inactivates a wide
spectrum of pathogens and spoilage organisms, including yeasts, molds, Gram-positive,
and Gram-negative bacteria [144]. Typically, pressures from 300 to 900 MPa are applied
for tens of seconds in food processing [145]. The primary mechanism responsible for the
sterilization effect is the irreversible destruction of cellular structures. These non-thermal
technologies can sometimes be combined for enhanced results [146].

4.3. Emerging Technologies

Currently, the agricultural and food sector stands at the threshold of harnessing cutting-
edge machinery, tools, and emerging Information and Communication Technologies (ICTs),
which encompass facets of the Internet of Things (IoT) [147-151]. In a comprehensive study
conducted by Miranda et al. [151], the authors introduced and expounded upon the S3
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framework in the context of the agri-food industry. This framework revolves around three
fundamental components: “sensing”, “smart”, and “sustainable”. “Sensing” refers to the
inherent capacity of a system to detect events, capture data, and gauge alterations within
a physical environment. “Smart” embodies a system’s ability to encompass actuation and
control functions, enabling it to characterize, analyze, and render decisions based on avail-
able data in both predictive and adaptive modes. Furthermore, it denotes the intelligence
embedded within products and their potential for seamless connectivity with other devices.
“Sustainability” is a pivotal consideration in optimizing product performance, all while up-
holding socio-economic and environmental imperatives. Measuring the energy performance
of a facility is imperative for identifying interventions that promote sustainability [170].

Intelligent control can effectively manage numerous sub-systems and variables within
the agricultural environment, adeptly regulating aeration, lighting, moisture, ventilation,
and temperature. Smart decision system implementation optimizes the production process,
achieving desired product quality and reducing energy and water consumption, among other
advantages. In the same study, the authors propose an intelligent hydroponic greenhouse
(IHG) that aligns with the principles of S3, with a particular focus on tomato cultivation.

The primary challenge in designing this system lies in determining the optimal phys-
ical infrastructure and control mechanisms for regulating the greenhouse’s climatic con-
ditions. The IHG can monitor several environmental factors, including rainfall, wind
direction, wind speed, humidity, CO; levels, sun intensity, solar luminosity, and tempera-
ture. Consequently, it can uphold and maintain optimal conditions within the greenhouse
to ensure the integrity of the crops.

Table 2 summarizes the applicability of the S3 concept to a hydroponic greenhouse,
which can be extended to different agri-food contexts, emphasizing the associated benefits.

Unfortunately, the significant costs associated with implementing these emerging
technologies pose a challenge, particularly for small and medium-sized enterprises. Recent
literature has explored the integration of the Internet of Things (IoT) with energy efficiency
through equipment upgrades. For instance, in a study highlighted in [152], a beverage
factory adopted an IoT-integrated sensing solution that relied on the embodied product
energy (EPE) model, categorizing energy into direct and indirect groups. This technology
played a pivotal role in reducing energy consumption.

Table 2. Applicability of the S3 concept to a hydroponic greenhouse (elaborated from [170]).

Subsystem Sensing Smart Sustainability
Economic
Actuator: = Lower cost of operation
= electrical motors = Lower maintenance costs
= lamps = Lower repair costs
= water pump Social
= fans . o
Climate control system: Measuring and monitoring: « heat resistance = Life quality improvement

= Temperature
= Humidity
= Light

= Promotion of renewable
Control technique: energy

= Lowest labor requirement

= Improved crop management
= Ergonomics friendly

L

= Temperature sensors
= Humidity sensors
« Light sensors = Neural network controller

Controller /microprocessor

= NI/LabVIEW assembly
User Interface Environment
= LabVIEW GUI = Lower environmental impact

= Lower energy consumption
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Table 2. Cont.

Subsystem

Sensing

Smart

Sustainability

Irrigation control system:

= Irrigation

= Nutrients supply

Measuring and monitoring:

= Flow sensors

= pH sensors

= Nutrient composition
sensors

Actuator:

= electrical motors
= nutriment pump

Controller

= NI/LabVIEW
Control technique

= On/Off technique

Economic
= Lower maintenance costs
Social

= Work safety

= Save space utilization

= Use material easy to reuse
and recover

Environment

= Neural network controller
= Energy consumption

was reduced
= Longer product lifecycle

User interface
= LabVIEW GUI

Power supply system:

= Eolic

= Photovoltaic

Measuring and monitoring: Controller

Actuator:

= electrical motors

= nutriment pump

= Switching controller for
power supply Social

Economic

= Highest productivity

= Promotion of
renewable energy
= Ease of use

= Current Hall-effect
device voltmeter

= NI/LabVIEW
Control technique

= On/Off technique
= Neural network controller

Environment

= Lower environmental impact

User interface = Longer product lifecycle

= LabVIEW GUI

The data related to direct and indirect energy collected by these smart meters, which
follow the EPE model, are wirelessly transmitted to a central database for storage. The
resultant energy information, which is insightful and actionable, is presented to all em-
ployees with energy-related responsibilities through user-friendly dashboards. Armed
with real-time data, the management could undertake energy-saving initiatives to prevent
energy overuse. Among various outcomes, the monitoring revealed the need to replace
old components with more efficient ones. Actions included replacing outdated boilers,
upgrading lighting to LED systems, installing variable frequency drives (VFDs) in beverage
filling pumps, replacing old electric motors with VFD-based ones, and converting the
chiller plant into a humidification system. These interventions resulted in annual energy
savings of 172,281 USD and a reduction of 807,081 kWh in electricity consumption.

Choi et al. proposed a systematic and practical framework to identify sustainable man-
ufacturing practices focused on resource efficiency [153]. The aim was to assist small and
medium-sized enterprises, and the study included an analysis of energy-saving case studies.
According to data from the US Environmental Protection Agency (EPA), a centrifuge-type
decanter adoption could reduce the water content of sludge by approximately 33%. By im-
plementing this technology, the annual cost of sludge disposal in a manufacturing plant
was projected to decrease by 28,565 USD, considering the disposal of 694 tons of sludge.

Another strategy for reducing both energy and water consumption involved imple-
menting a counter-flow concept in the rinsing process. This modification can reduce annual
rinse water consumption by about 3389 ccf (cubic feet) per year. At an estimated cost of
4 USD per ccf, this change resulted in annual savings of 13,555 USD, equivalent to roughly
15% of the plant’s annual water expenses.

The authors also presented a case study to exploit surplus wood generated during
manufacturing, pelletizing the wood, producing energy for the company’s needs, and
reducing the purchase of a significant amount of natural gas. With a payback period of



Energies 2025, 18, 296

28 of 40

29 months, this initiative yielded an estimated annual savings of 12,729 USD. This approach
involved reutilizing and reprocessing 12 tons of medium-density fiber waste per month.

4.4. Energy Efficiency Interventions in Italian Food Industries

In this section, the interventions of energy efficiency measures for some Italian food
facilities are showcased and discussed.

The RSE report [171] provides a comprehensive analysis of energy efficiency measures
implemented in Italian food sector production plants from 2005 to 2014. The study examines
a range of case studies, highlighting various interventions to improve energy performance.
Notably, approximately 22% of the interventions focused on heat recovery from thermal fluid
systems, while 17.5% involved the installation of cogeneration systems. Another 5.8% focused
on replacing traditional boilers with more efficient alternatives, and 5.1% focused on inverter
adoption to regulate the electric power of motors and pumps. Additionally, energy management
systems accounted for 5.1%, while 4.4% involved the replacement of conventional rotary
compressors with more efficient models. Other actions included the replacement of ovens,
chillers, and electric motors, each contributing between 2.2% and 4.4% of the total interventions.

When implementing additional interventions related to the thermal power plant, such
as replacing traditional boilers with more efficient alternatives (accounting for 5.8% of
achievements), supplying the thermal plant with biogas from anaerobic digestion (2.2%),
and substituting fossil fuel boilers with biomass boilers (0.7%), the combined impact with
cogeneration amounts to 26.2%. When coupled with the 26.3% contribution from heat
recovery, these measures concentrate around the focal point of the factories’ thermal power
stations, reaching 52.5% of implemented interventions. It is worth noting that despite the
maturity of mechanical vapor recompression technology, its implementation is relatively
limited, representing only 2.2% of cases.

The emerging observations about the adoption of innovative technologies in food
manufacturing emphasize that these advancements are often perceived as costly and acces-
sible primarily to large-scale production facilities. Many companies lacked the necessary
expertise and infrastructure to conduct pre-competitive research and develop prototypes.
Consequently, initiatives to support industrial innovation have predominantly targeted
medium to large-sized enterprises.

As anticipated, two types of interventions, heat recovery and cogeneration, stand out.
Cogeneration systems resulted in savings of approximately 30,000 tons of oil equivalent
(toe) across 17 interventions, while heat recovery interventions from technical fluid yielded
savings of 27,500 toe from 23 actions. All other actions achieved savings below 7 ktoe.
Furthermore, a notable aspect is the average toe savings per intervention. Heat recovery
activities demonstrate their effectiveness with savings of around 1700 toe and 1100 toe,
respectively. Energy management systems have proven highly effective, delivering savings
exceeding 4000 toe, and the installation of vapor compression concentration plants achieves
approximately 3300 toe. The highest savings correspond to the implementation of new
production lines, with approximately 5000 tons of oil equivalent per action. It is worth
mentioning the noteworthy energy savings achieved through the construction of anaerobic
digestion plants, which average around 1300 toe.

The RSE report [171] calculated the return on investment for efficiency measures, as-
suming an average cost of 600 € per toe saved. Based on the energy audits of large and
energy-intensive companies, 8871 companies were eligible for energy efficiency measures.
The manufacturing sector represented the majority among the previous macro-categories,
with 644 food industries accounting for 12.6% and 97 beverage industries accounting for
1.8%. Table 3 provides an overview of the performed analyses. Approximately 2800 energy
efficiency actions have a payback period of up to 30 years, while those with a payback period
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of less than 10 years, considered economically viable according to economic theory, amount to
around 5275. These plans collectively result in energy savings of approximately 420,000 toe.

Table 3 also shows data on the mean energy savings, quantified in tons of oil equivalent
per intervention, and the mean investment outlay, measured in thousands of euros per action.
These savings range from 87.68 to 166.55 k€ per intervention, underscoring that the beverage
sector reaps higher benefits from energy efficiency measures.

Table 3. Energy efficiency measures for food industries in Italy.

Payback Interventions . Capital Mean Specific = Mean Specific
Period (In) S[at\éler;g Investment Saving Investment
[years] [-] [Me€] [toe/In] [k€/In]

Food sector
<3 944 85,339 ~80 90.40 84.74
<5 1519 114,248 ~147 75.21 96.77
<10 2179 142,128 ~267 65.22 122.53
<20 2403 149,038 ~321 65.02 133.58
<30 2440 149,611 ~329 61.31 134.83
Beverage sector
<3 126 20,986 ~15 166.55 119.04
<5 205 26,364 ~27 128.60 131.71
<10 302 29,740 ~41 98.47 135.76
<20 353 31,583 ~57 89.47 161.47
<30 361 31,653 ~58 87.68 160.66

Conversely, this sector requires a more substantial financial commitment to attain
its objectives.

5. Food Towards Industry 5.0

The European Commission Information Society indicated the Internet of Things (IoT)
in the food supply chain as a promising application [172]. IoT is a key technology that
enables many beneficial applications for sustainability. It can inform consumers about the
history [173,174] and can help managers make immediate decisions [4,91].

In 2011, the German government introduced the term “Industry 4.0”. The project aimed
to boost the interactions among people, machines, and resources [175]. The main principle
of Industry 4.0 was eliminating the separation between the physical and the virtual worlds.
Industry 4.0 connects the machines, functions, and systems using intelligent networks created
along the entire value chain that can control themselves and each other autonomously.

Technologies introduced by the concept of Industry 4.0, such as blockchain, big data
analytics, and sensors, are indispensable partners of IoT [176]. These systems can play a
role in the production, processing, transportation, storage, and distribution of the food
supply chain and provide solutions to ensure food safety from farm to table.

The IoT is a dynamic global network infrastructure consisting of physical elements
(e.g., sensors, actuators, controllers, data processors, and personal electronic devices) that
are connected and can autonomously communicate with each other. This technology
enables the real-time monitoring and control of many smart applications in various envi-
ronments such as transportation, cities and buildings, grids for energy management, and
medical and healthcare systems. IoT-based traceability systems can monitor all stages of
production, distribution, and consumption processes and store all the relevant data.
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Technological development and growing expectations, in terms of efficiency, safety,
product traceability, reduction in passive costs, etc. are now and inevitably stretched out
toward “Industry 5.0”, a new concept still evolving. Industry 5.0 aims to integrate human
intelligence with the accuracy and efficiency of machines. The implementation of artificial
intelligence in industrial production is designed to address the challenges encountered in
Industry 4.0 by emphasizing a human-centric approach and meeting societal needs. It can
help eliminate the mismatch between manufacturing and the needs of society [177,178].

Figure 10 summarizes the main sections intersecting and approximates the Food
Industry 5.0: (1) data collection receiving signals; (2) data integration and storage (cloud-
based platform); (3) data analysis and machine learning, with algorithms analyzing the
data for patterns, anomalies, and insights, while predictive modeling and anomaly de-
tection techniques are applied; (4) process optimization and automation, with systems
driven by artificial intelligence and machine learning; (5) quality assurance and traceability,
where sensors and IoT devices monitor product quality and safety parameters in real-time,
machine learning algorithms identify quality issues and potential risks, and blockchain
technology ensures traceability and authenticity; (6) supply chain management, where
IoT devices monitor, track, and optimize inventory, storage conditions, and logistics in
real-time; and (7) customer engagement and personalization, where data analysis enables
personalized experiences and targeted marketing. Feedback loops and data-driven insights
drive continuous improvement and innovation, opening collaborations between humans
and machines.
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Figure 10. Simplified block scheme of Food Industry 5.0.

6. Conclusions

This paper analyzed the food industry and the energy, social, and environmental
dimensions, evaluating food trade, dietary habits, land usage, energy dynamics, food loss
and waste, water withdrawal, and greenhouse gas emissions. The study also investigated
strategies to reduce the food footprint in alignment with the United Nations Sustainable
Development Goals.

The overview provided significant insights to assess the current state of play of the food
industry, a pillar in the world economy. The global food trade generated revenues of 1 T$
in 2021. The global food sales see Europe as the first exporter and importer, with a volume
of 450 and 520 USD billion, respectively, followed by Asia (250 and 400 USD billion) and the
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Americas (280 and 220 USD billion). The global daily average dietary energy supply has risen
in recent years, reaching roughly 2960 kilocalories per person. North America and Europe
report the highest levels of dietary energy, averaging about 3540 kilocalories per person per day,
while Africa’s average is approximately 2600 kilocalories per person per day. The meat sector
is a fundamental element in the food economy chain and is the largest industry group in
the US food system. The dietary habits orchestrate food production and address land usage.
The composition of the dietary energy supply varies significantly between the regions, but, on
average, cereal-based food is the primary component, followed by oils and meat. Unhealthy
diets produce more than 8000 USD billion of annual hidden costs, corresponding to about 70%
of the total hidden costs of the global food system, considering visible and non-visible economic,
health, social, and environmental expenses.

Today’s agricultural system is also incredibly resource intensive, covering about 43%
of the world’s ice- and desert-free land. Of this land, approximately 87% is for food. The
sole meat sector covers about 70% of land usage, where lamb and mutton meat involve
about 375 m? per kg of product, followed by beef with about 320 m? per kg. Moreover, food
loss and waste are of primary importance, posing significant challenges and contributing
to various negative impacts such as food insecurity, particularly for vulnerable populations,
an increased carbon footprint and water footprint, and additional land usage. Food loss
corresponds to about 14-17% of global food production. Specifically, Europe experiences food
waste of approximately 88 million tons each year.

GHG emissions from the food system have displayed a linear growth trend, reaching
16.6 Gtcopeq in 2015. If this trend persists, greenhouse gas emissions are estimated to reach
18.6 Gtcopeq in the upcoming years. The sector contributes 26% of all anthropogenic GHG
emissions, with 6% attributable to never-consumed food. This investigation demonstrated
that the most developed continents are the principal contributors, with China emerging
as the largest producer, accounting for 13.5% of emissions, followed by Indonesia (8.8%),
the USA (8.2%), and Brazil (7.4%). In this framework, agriculture and land use change con-
tribute to 78% of emissions, while food manufacturing, processing, packaging, transporting,
and retailing correspond to 19%. The phases strictly linked to food processing cover 10% of
GHG. To address the challenge of climate change, a path for minimizing GHG to 4 Gt by
2050 is explored. This path is rather challenging and would require interconnected efforts
to reach a reduction of at least 9 Gtcopeq- Reducing food loss and waste by half across the
supply chain stages could reduce the overall environmental footprint by 8-10%. Numerous
studies even highlight the significance of adopting healthier dietary habits. A shift in diet
could enable 56.9% of the global population, currently over-consuming, to reduce global
emissions by 32.4%.

The water footprint was investigated contextually, analyzing ramifications per food
phases, sectors, and regions. In 2014, global water withdrawal was at over 4000 billion cubic
meters. However, this figure has experienced a slight decline in subsequent years, mainly
due to awareness initiatives and the implementation of efficient technologies. By 2020, water
withdrawal decreased to 3900 billion cubic meters. Agriculture is the primary water consumer,
constituting 70%, and the industrial sector follows at 19% (the energy phase absorbs 13% of
the total water). The more water-intensive food sectors are meat and fresh vegetables, with
20% and 21%, respectively. Critical analyses forecast that the global water demand for all uses
is expected to increase by 20% to 30%, reaching between 5500 and 6000 km? annually by 2050.
Specifically, water demand in agriculture is projected to surge by 60%.

The investigation demonstrated that the food system is one of the largest energy
consumers worldwide, accounting for approximately 30% of the total energy consumption
(200 EJ per year, with 10-15 k] of fossil fuel required to produce 1 kJ of food). Agriculture
and industrial processing represent the most energy-intensive steps, with 3662 MJ/capita
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and 2754 M]/ capita, respectively. The food system remains heavily dependent on fossil
fuels, especially during the agricultural phase, with use approximately 9 to 10 times
greater than other energy sources. In the industrial phase, this difference reduces, and
fossil fuel requests are about 2 to 3 times that of alternative energy sources. Energy costs
represent a significant financial burden for the food industry. By implementing energy-
conserving strategies, the industry can reduce expenses and lessen its ecological and
hydrological footprints. This insight opens up the urgent need to optimize process and
machine efficiency and shift to renewable sources. For this purpose, this paper reviewed
several energy efficiency solutions, including conventional and innovative technologies, in
which the non-thermal solutions are gaining interest.

This proposal highlights the potential of conventional solutions, like boiler and steam
distribution optimization, condensing economizers adoption, waste heat recovery, heat
pump use, and refrigeration system improvements, to significantly decrease energy con-
sumption by up to 20% with attractive payback periods. Developing innovative food
preservation methods that minimize ecological impacts and waste generation is crucial and
offers a key strategy for reducing the energy footprint. The reclamation of waste materials
and surplus energy resources, where feasible, can lead to significant energy savings. More-
over, optimizing energy-intensive drying processes by utilizing external air and integrating
desiccants or absorbent materials into the system can enhance efficiency. Some research
suggests that management initiatives have the potential to unlock more than 46% of total
potential savings. Referring to energy interventions carried out on various food facilities
distributed in Italy, despite an expense of 84-161 k€ per intervention, it was possible to
obtain savings of 61-166 toe per intervention, with payback times of 3-30 years.

The food industry is also embracing a new period of innovation, with non-
conventional solutions like pulsed UV-light, ultrasound, ionizing radiation, cold plasma,
pulsed electric field, and high hydrostatic pressure gaining prominence. IoT integration
and the advent of Industry 5.0 promise to improve food processing and preservation.

Conclusive Remarks and Policy Recommendations

A robust collaboration between governments, policymakers, businesses, scientists,
technicians, and consumers is essential to drive the global food system toward sustainable,
resilient, and equitable solutions to remove social and economic disparities, promote fair
labor, and provide secure access to healthy food, especially for vulnerable populations.

Comprehensive policy recommendations must be implemented to effectively enhance
food security and improve the efficiency of the entire supply chain while simultaneously
reducing environmental footprints and associated greenhouse gas (GHG) emissions. Firstly,
policies should prioritize sustainable agricultural practices, promoting techniques such as
precision agriculture to optimize resource use and minimize waste. Additionally, govern-
ments should incentivize the adoption of renewable energy sources within the agricultural
sector to decrease reliance on fossil fuels and reduce GHG emissions. Strengthening reg-
ulations on water usage and implementing advanced water management systems can
drastically reduce water wastage and address the water footprint issue. Furthermore, poli-
cies to reduce food loss and waste should be enforced throughout the supply chain—from
production to consumption—through educational campaigns, improved food storage and
transportation infrastructures, and stricter standards for sell-by dates and food labeling.
Healthier dietary habits promote personal well-being and food efficiency, significantly
mitigating GHG emissions. Research indicates that diets rich in plant-based foods and
lower in processed foods and red meats can lead to more sustainable food systems. Such
dietary shifts reduce the strain on environmental resources by decreasing the demand
for water-intensive and high-emission food production. Finally, fostering collaboration
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among stakeholders in the food system through public—private partnerships can facilitate
best-practices sharing and innovations in sustainable food production and distribution.
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