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Abstract

Emerging energy- efficient unit operations are fundamental and essential for extending shelf-life,
preservation of nutritional quality and ensuring microbial safety but also reducing the environmental
footprint and achieving the one Health approach. The aim of this review is to present recent
advancements in energy efficiency and renewable energy technologies powered by solar, wind,
biomass, and hybrid energy sources and their role in sustainable food industry practices. A holistic
approach to Sustainable Food Systems and a Critical Strategy to Enhance Sustainable Agriculture
and food will be thoroughly discussed. Case studies of energy efficiency in the meat, dairy and fruit
and vegetable sector will be outlined. Focus will also be given on the revolutionization of Post-
Harvest Packaging as an energy-Efficient Approach for Fresh Produce Preservation Focusing on
Sustainable Packaging Solutions. Artificial Intelligence and Advanced Food Processing Techniques
for Enhanced Food Safety, Quality, and Security will also be described briefly. Finally, the challenges
in Implementation of Policy Frameworks and Regulations will be discussed and future Horizons with
Leveraging Energy-Efficient Technologies for a Sustainable Food Industry will be drawn.

Keywords: renewable energy; sustainable agriculture; post-harvest packaging; advanced food
processing

1. Introduction to Energy Efficiency in the Food Industry

The food sector represents a complex global network spanning the entire lifecycle of a product
from primary cultivation and industrial processing to logistics and final consumption. This diverse
ecosystem comprises of a broad spectrum of stakeholders, ranging from independent agricultural
producers to large multinational entities managing supply chains at a global level [1]. Food
production is a primary driver of resource utilization. Agriculture alone accounts for 70% of the
world’s freshwater withdrawals, making it the leading consumer of our planet’s liquid assets [2]. In
addition, the food supply chain is remarkably energy-intensive, accounting for nearly 30% of total
global energy use [3]. The majority of energy consumption in the food supply chain is concentrated
in sourcing and processing. Sourcing, in particular, generates the highest carbon footprint due to
direct emissions. When combined with packaging, these industrial stages account for a staggering
72% of energy consumption and 86% of greenhouse gas (GHG) emissions in the EU [4]. Modern food
systems are facing several challenges related to energy use and current infrastructure hand in hand
with the growing global population and the changing demands from consumers [5]. Today’s
consumers opt for healthier, more sustainable choices. At the same time, companies must adopt new
technologies while tackling issues like food safety, waste, and social fairness [1]. Global policies are
shifting toward GHG reduction due to climate change and shrinking fossil fuel supplies. Although
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solar and wind power are popular alternatives, the world still depends on fossil fuels for 80% of its
total energy needs. Furthermore, fossil-fueled plants continue to produce 50% of the world’s
electricity [6]. The food industry’s energy footprint is as diverse as its products, with requirements
fluctuating significantly between sectors and regions. In response to the climate crisis and rising costs,
the rational use of energy is no longer optional-it is a core necessity. To address global food security
and environmental targets, the industry is shifting toward a circular model that prioritizes resource
efficiency. By cutting down on energy waste at every stage of the supply chain, the sector can better
balance productivity with environmental responsibility [1,7].

The push for environmental sustainability is driven by the critical necessity of climate action [8].
While differing in scope and governance level, frameworks such as the Paris Agreement, the EU
Green Deal, the Net-Zero Industry Act, and the UN Sustainable Development Agenda collectively
signal a policy shift toward decarbonization, resource efficiency, and long-term environmental
resilience [9,10]. Consequently, businesses face intensifying pressure from a diverse group of
stakeholders-including regulators, investors, and consumers-to decarbonize their supply chains. This
shift is embodied in the paradigm of Sustainable Supply Chain Management (SCM), which balances
economic viability with social and environmental health. Central to this evolution is “green logistics,”
a strategy focused on minimizing energy use, emissions, and waste across the entire distribution
network [11].

To reach these goals, the food industry must adopt a multi-faceted approach. Key strategies
include refining process control, advancing product design, and optimizing packaging to maximize
resource efficiency. Furthermore, integrating renewable energy and circular economy models-
specifically through recycling and reuse-can significantly lower the sector’s environmental footprint.
Ultimately, driving these systemic changes requires a unified effort from policymakers, industry
leaders and consumers alike [1].

Life cycle assessment (LCA) has emerged as a critical framework for evaluating the
environmental impact of food items. This perspective has spurred significant research into “food
miles,” distribution logistics, waste valorization, and the influence of dietary habits [4].

Traditional methods widely utilized within the food industry such drying and
canningy/sterilization are responsible for significant energy consumption and losses, over-processing
for the treated products and require large volumes of water for the operations. Alongside the high
energy demands, such processes result in nutrient losses and products of inferior quality —intensively
processed. Therefore, the need to shift to alternative processing methods that are more sustainable
and environmental-friendly whilst maintaining quality is of paramount importance.

This paper focuses on describing approaches to achieve energy efficiency in the food industry,
focusing on the transition from conventional heat-intensive processing to emerging methods,
processes, and concepts that reduce energy demand while maintaining food safety and quality. It
highlights non-thermal technologies and smart system innovations as key drivers of a more
sustainable and low-carbon food sector.

2. Integrating Renewable Energy Sources in Food and Agriculture: A Holistic
Approach and a Critical Strategy to Sustainable Food Systems

The Earth’s ecosystems are degraded by the intensive usage of fertilizers, pesticides, energy,
water, and machinery in global supply chains hence causing an increase of the pressure on planetary
boundaries [12-14]. Food production causes approximately one-third of the global greenhouse gas
(GHG) emissions [15-17].

Transformation of agriculture and improvement of socio-economic sustainability could arise
from Alternative Food Systems (AFSs) as reported by Cristiano[18]. These systems could extend
beyond ecological practices while leading to enhancement of social equity and bringing together
producers and consumers [12,19]. Community Supported Agriculture (CSA) is one of these systems,
where a community jointly finances and shares food production is among and members actively
participate in the distribution of local and organic crops [20].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1245.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1245.v1

3 of 54

A Holistic and Integrated Life Cycle Sustainability Assessment (HILCSA) has been applied to a
CSA in Leipzig, Germany by Pries et al. [21]analyzing CSA benefits and impacts by a novel
integrative approach by employing and assessing seven different fruits and vegetables produced by
the CSA.

Development of The Holistic and Integrated Life Cycle Sustainability Assessment (HILCSA) was
carried out by Zeug et al. [22-25] following the ISO 14040 and 14044 guidelines of Life Cycle,
Assessment (LCA). The combination of the three dimensions of social LCA (S-LCA), environmental
LCA (E-LCA), and life cycle costing (LCC) is taken into account.

Of course, some negative factors should also be considered mentioning the challenges of CSAs
compared to conventional food systems. It has been reported that balancing transformative targets,
social cohesion, and economic viability might cause organizational instability [26].

Moreover, reduction of the carbon footprint of food supply chains (CFFSC) could arise from the
implementation of technology innovation and renewable energy by adoption of precision
agriculture, smart logistics, and energy-efficient processing [27,28]. A low-carbon alternative to fossil
fuel dependence could arise from integration of renewable energy —solar, wind, and biomass—
across the whole food production system including storage, and distribution[29-31]. Smart
refrigeration systems and refrigerated diesel traction systems [32], electric vehicles, and Al-driven
energy route optimization —constitute some of the efficient technologies in processing and
transportation used with potential for emission reduction [30,33]. Of course, these innovations could
be halted by economic, infrastructural, and policy constraints of developing countries [34,35].

Ashraf and Javed [36]applied robust econometric methods including FMOLS, DOLS, and PMG
estimators, and found that significantly reduction of CFFSC could come from technological
innovation, and specifically through improvements in production and distribution efficiency.

An integrated management approach to the Water-Energy-Food-Ecosystems (WEFE) nexus can
enhance resource optimization and climate adaptation as described in the case of Cameroon [37]. Of
course, the aim is to achieve Sustainable Development Goals (SDGs), including those related to
poverty alleviation (SDG 1), zero hunger (SDG 2), affordable clean water and energy (SDGs 6 & 7),
and economic growth (SDG 8) [38] but how this could be feasible if climate change is affected and
disruptions are implemented? The WEFE is deeply interconnected, and constitutes interdependent
components of the global ecosystem [31,39—45]. Figure 1 shows a conceptual framework of the Water—
Energy—-Food—-Ecosystem nexus, highlighting how renewable energy and sustainable agri-food
systems contribute to enhanced synergies while reducing trade-offs between these closely linked
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Figure 1. Conceptual Framework of the Water-Energy-Food-Ecosystem Nexus Incorporating Renewable

Energy and Sustainable Agri-Food Systems.
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Critical linkages between the WEF nexus and planetary public health have been established as
reported by [46-48]. Disadvantages are the lack of institutional capacity, stakeholder engagement
mechanisms, and contextual adaptability [49,50].

Renewable energy-based systems for reduction of carbon emissions include drying referring to
systems that utilize solar, wind, or biomass energy for thermal or convective drying- driven processes
without fossil fuel reliance [51-54]. Madhu [42] also reported on the integration of intelligent control
mechanisms such as the Internet of Things (IoT), artificial intelligence (Al), and computational fluid
dynamics (CFD) for real-time monitoring and optimization incorporating thermal energy storage,
particularly phase change materials (PCMs).

Hybrid solar dryers (HSDs) combine solar power with ancillary power sources, including heat
pumps, biomass, geothermal, Liquefied Petroleum Gas (LPG), electricity, and wind power
constituting a recent advancement [55].

Other renewable energy sources of fuel and feed could be microalgae Chlorella sp., Cyclotella sp.,
Neochloris oleoabundans, and Isochrysis galbana, species with the highest lipid contents [56,57].

3. Energy Efficiency in the Livestock and Animal Farming

While livestock production plays a vital role in supporting global livelihoods, it is also a major
source of GHG emissions, highlighting that urgent action is required for the implementation of more
sustainable management practices. With reference to the global meat production, an increase is noted,
although consumers nowadays are shifting to more healthy dietary patterns. Animal-based products
account for approximately 40% of global protein intake, and the growing demand for meat poses
significant challenges for the sector, especially when dealing with waste management practices [58].
While socio-economic development and technological advancement have driven substantial growth
in production, this expansion has simultaneously intensified environmental pressures. Industrialized
farming systems seek to enhance sustainability through technological and managerial improvements;
however, they have also emerged as major sources of environmental pollution [59].

Livestock energy requirements include the production of the animal feeds. This encompasses
primary activities related to crop cultivation and feed additive production. Key inputs include water,
energy, fertilizers, and pesticides, while the main outputs are feed materials that are subsequently
transported to the milk production stage [60]. As an example, in the bovine sector, food losses occur
at multiple stages of the supply chain, originating from the primary production to the final
consumption. As the sector continues to grow, substantial quantities of by-products including hides,
bones, whey, offal, blood, and manure are generated. Although such by-products are often
undervalued, they still present both a waste management challenge and a significant opportunity for
resource recovery according to circular economy practices. Moreover, these undervalued materials
exhibit high potential in terms of potential valorisation across a range of sectors, including
pharmaceuticals, cosmetics, dietary supplements, and animal feed production [58].

Currently, the majority of biogas feedstocks are derived from crops, including dedicated energy
crops, crop residues, and sequential crops. However, animal manure represents the largest untapped
potential source of biogas within the European Union. It is estimated that more than 1.4 billion tons
of manure originated from animal farming operations on an annual basis during the period 2016-
2019 (EU-27) [61], necessitating appropriate management to prevent adverse environmental impacts
such as water and air pollution and soil contamination. Anaerobic digestion captures methane
emissions that would otherwise be released into the atmosphere, enabling their conversion into
renewable energy and thereby substituting fossil-based energy sources [62]. In addition, the residual
by-product of the digestion process, known as digestate, can be applied as a nutrient-rich fertilizer,
replacing mineral fertilizers derived from fossil resources [63]. Consequently, biomethane production
from manure residues is increasingly promoted as a circular economy solution that supports the
livestock sector in reducing its environmental footprint, generates renewable energy using existing
gas infrastructure, and creates additional income opportunities for farmers [64]. Numerous studies
have demonstrated that biogas production from dairy and other organic wastes can significantly
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reduce greenhouse gas emissions [65-69]. This contributes to the sustainability of the animal farming
sector by enhancing resource efficiency and offering both environmental and economic benefits. Life
cycle assessment studies indicate that manure-based anaerobic digestion can reduce GHG emissions
by approximately 70% when compared with the conventional manure storage systems, mainly via
methane capture and energy substitution, as long as the whole operation is effectively controlled,
especially the management of the digestate. Beyond emission mitigation, anaerobic digestion
supports nutrient recycling by giving back to agricultural soils the nitrogen and phosphorus, thereby
enhancing circular nutrient flows [58,70]. Such approaches align with the concept of “waste-to-
energy” and are closely associated with the principles of a circular economy [71,72]. However, the
high capital investment required for anaerobic digestion systems, together with the technical
expertise needed for their operation and maintenance, often favors off-site waste treatment and
biogas production [73]. Alternatively, this challenge can be addressed through the deployment of
small-scale, modular waste-to-biogas technologies installed on-site and managed remotely via cloud-
based and digital platforms by external waste management providers. Waste-to-energy solutions
applicable for different types of dairy farms include biodigesters, electricity generation systems, and
heat recovery systems that supply hot water, space heating, or drying processes. In addition,
absorption cooling systems can be employed to provide refrigeration using recovered thermal
energy, such as exhaust heat, as the driving source. These systems can also be integrated with other
renewable energy sources, including solar and wind technologies, and complementary energy
conversion devices. The implementation of such technological solutions is expected to improve both
waste and energy management practices, thereby directly supporting progress toward several
Sustainable Development Goals, notably SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action) [72]. In addition, farms can generate
electricity for on-site use through the installation of photovoltaic (PV) systems or wind turbines.
While PV and wind technologies produce electricity during daylight hours and periods of wind
availability, respectively, their generation profiles may not always align with farm electricity
demand. This mismatch can be mitigated through energy storage solutions such as batteries;
however, battery systems may not always be necessary, as thermal energy stored in hot water can
also serve as an effective energy reservoir to meet on-farm water heating requirements [74].

Finally, the valorization of wastewater generated from cattle farming represents an important
component of sustainable livestock management. The water footprint is commonly classified into
three main components, with cattle farming wastewater contributing directly to the grey water
footprint, as it contains pollutants that must be treated or diluted to prevent environmental
degradation [75]. A thorough understanding and reduction of this footprint are therefore essential
for enhancing water sustainability and supporting the achievement of Sustainable Development Goal
6 (Clean Water and Sanitation). A substantial share of water used in cattle farming ends up as
wastewater containing high concentrations of organic matter, nutrients, and pathogens [76],
however, when appropriately treated —through processes such as anaerobic digestion, solid-liquid
separation, and nutrient recovery —this wastewater can be transformed into a valuable source of
reusable water. The recovered fraction from manure and slurry, which can contain water as high as
85%, can then be reused for non-potable applications, including irrigation, cleaning operations, and
cooling systems [58].

In dairy farming, the integration of digital twin (DT) technology with artificial intelligence (AI),
offers substantial potential to advance sustainable dairy farming. Within this framework, the
combined DT and edge Al approach is structured around three key capabilities: accurate traceability
for monitoring carbon emissions, adaptability to heterogeneous farm conditions, and broad
accessibility across farms with varying production systems and resource constraints. Such integrated
platforms enable farmers and other stakeholders to virtually assess management strategies, predict
production outcomes, and improve their overall performance across a range of scenarios, with the
support of Al-systems. In contrast, conventional Internet of Things and cloud-based architectures

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1245.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1245.v1

6 of 54

typically rely on continuous connectivity and provide predominantly batch-level insights, which can
create a mismatch between measured data and verifiable on-farm emission reductions [77].

Collection of farm data in real-time is critical and directly supports sustainability. In this regard,
sensors and communication networks can be valuable tools [78]. Sensors capable of directly
measuring or supporting the estimation of GHG emissions are fundamental to emissions accounting
and carbon traceability in dairy systems. In dairy barns, commercially available gas sensors can detect
methane, carbon dioxide, ammonia, hydrogen, and volatile organic compounds, enabling the
quantification of gas concentrations and, when combined with complementary data, the estimation
of emission fluxes. Biometric and environmental sensing technologies further support sustainable
dairy management by enabling continuous monitoring of animal health, welfare, productivity, and
environmental conditions [79]. Wearable and non-wearable sensors capture behavioral and
physiological indicators—such as rumination, feeding behavior, activity levels, body temperature,
and respiration rate—allowing early detection of health or welfare issues that would otherwise
reduce production efficiency and increase GHG intensity [80,81]. Camera-based systems using
computer vision can estimate body condition and body weight, while unmanned aerial vehicles
provide monitoring solutions for grazing systems [82]. As sensing technologies advance, automated
monitoring of individual feed intake across large herds is becoming increasingly feasible, enabling
more precise estimation of animal-level emissions given the strong link between diet and GHG
production [83]. Environmental sensors measuring barn microclimate, air quality, and pasture
conditions provide critical inputs for farm management and whole-farm GHG models [84].

Automated feeding systems provide nutrition tailored to the specific needs of each animal,
thereby improving feed efficiency and overall health [85]. In this regard, farm digitalization through
the adoption of Precision Livestock Farming (PLF) technologies plays a crucial role, while
simultaneously enhancing the environmental and economic sustainability of livestock production
systems. By optimizing feed use and reducing waste, these systems contribute to enhanced
environmental sustainability through lower resource consumption, reduced nutrient losses, and
decreased GHG emissions [86].

4. Energy Efficiency in the Dairy Sector

Due to its high energy demand and carbon intensity, the dairy industry has received a lot of
attention, among the other food sectors. Approximately 9% of the total energy consumption and
carbon emissions within the food industry sectors result from the production of dairy products [87].
Operations within the dairy system start from the dairy farming including cow management, milk
harvesting, and manure handling. These activities require inputs such as fuel, electricity, and
refrigerants, and generate outputs in the form of raw milk and beef, which are transferred to the
processing stage [88]. The processing stage involves the processing, packaging, and transportation of
dairy products and requires various energy inputs, primarily fuel and electricity. At the end of the
chain, the consumption stage also requires energy sources including the transportation for product
purchase, food storage and preparation, food waste management, and packaging disposal. These
activities rely on energy sources such as fuel, electricity, and natural gas [89].

Typical energy requirements in dairy farms include electricity for equipment operation and
lighting, as well as thermal energy for refrigeration to preserve milk and for hot water used in
equipment cleaning and sterilization. Additional thermal energy demands may arise from air
conditioning systems and, in some cases, drying processes [72]. Following the primary production of
raw milk at the farm level, milk is transported to dairy processing facilities where it undergoes a
series of operations to produce finished products. Energy consumption in dairy manufacturing
primarily arises from the use of electricity and fuels, which is mainly required for processes such as
refrigeration, packaging, homogenization, standardization, milk pumping, and plant automation,
whereas heat treatment processes predominantly rely on steam generated through fossil fuel
combustion [74]. Processing of raw milk requires 0.8 to 1.9 M] of energy per kilogram, with the exact
value based on the type of product and production size [74], whilst, the associated GHG of cheese is
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5.9 kg of CO2»-Eq/kg when compared with the one of peanut butter which is much less (0.17 kg of
COz-Eq/kg) [88]. In addition, processing facilities incorporate Clean-In-Place (CIP) systems for
cleaning internal equipment surfaces and may also include on-site wastewater treatment processes
or discharge effluents to external treatment facilities [90]. CIP operations represent a major source of
energy consumption in the dairy industry, largely due to the stringent hygiene standards required.
The elevated temperatures used during pasteurization promote the adhesion of milk residues to
processing equipment, thereby requiring extended cleaning cycles with hot water and detergents to
achieve effective sanitation. As a result, the substantial energy demand of CIP operations is primarily
associated with the thermal energy required to heat cleaning solutions [91]. CIP technologies are
therefore pivotal in improving operational efficiency, as optimized CIP systems can reduce not only
energy consumption but also water use and the volume of wastewater generated [92]. The
implementation of energy-efficient CIP systems has been shown to reduce cleaning costs by
approximately 35% and cleaning-related energy use by up to 40% [74].

Post-processing and during transportation, fresh dairy products require controlled storage and
transportation conditions, due to their high perishability. Typically, optimal temperatures are
maintained between 0 and 2 °C to preserve product quality and ensure food safety until consumer
purchase [74]. Within the food industry, cold-chain operations exert a substantial environmental
impact, accounting for approximately 1% of global CO, emissions, while refrigeration activities
worldwide are responsible for around 15% of total electricity consumption [93]. At the consumption
stage, energy use is primarily associated with transportation from retail outlets to households and
with refrigeration. In addition, food waste at the consumption stage, which is estimated in around
19%, results in significant indirect energy losses, as all energy invested in production, transportation,
and refrigeration is effectively wasted when products are discarded [94]. Globally, an estimated 1.13
million tons of food are wasted each day, corresponding to an average of 178 g per capita per day
[95].

Several established practices adopted by dairy manufacturers can substantially reduce energy
consumption, including the installation of heat recovery systems, the use of energy-efficient
equipment, improved insulation of heating and cooling process units, optimization of combustion
efficiency in steam and hot-water boilers, and the repair of steam leakages. In parallel, increasing
attention has been directed toward emerging technologies aimed at further reducing energy use in
dairy processing classified into thermal and non-thermal processing technologies [96]. Among
emerging thermal approaches, microwave (MW) and radio-frequency (RF) processing are considered
particularly promising, as both utilize electromagnetic energy to achieve rapid, volumetric heating
and overcome conventional heat transfer limitations, resulting in higher heating rates, However, the
high capital costs associated with MW and RF systems necessitate a clearly defined value proposition
for successful industrial implementation. While these technologies offer potential benefits in terms of
improved product quality, large-scale commercial adoption remains limited [74]. Non-thermal
alternatives proposed to replace conventional heat treatments include ultrasound (US), high-pressure
processing (HPP), and pulsed electric fields (PEF) [97]. Ultrasound-assisted milk pasteurization has
demonstrated promising outcomes with respect to both microbial safety and energy efficiency [98,99].
HPP is increasingly applied in the food industry, particularly for high-value products, whilst PEF has
also been proposed as an efficient processing technology [100]. In general, non-thermal technologies
more broadly offer advantages in preserving milk nutrients with lower energy consumption
compared to conventional thermal treatments [101]. These non-thermal emerging technologies will
be described in detail later on. Nevertheless, the economic viability and performance of non-thermal
processes must be critically assessed under industrially relevant conditions to substantiate their
proposed benefits.

To maximize the efficiency of the cold chain and reduce GHG emissions, carbon-free
refrigeration solutions should be adopted at all stages of transportation and storage [74]. The food
quality within the supply chain is primarily linked to cold-chain logistics. Current trends highlight
the increased potential of IoT to provide constant monitoring and automated control on the food
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products [102]. At the retail stage, the use of refrigerated display cabinets with enclosed doors is
recommended, as these systems provide improved temperature control and can achieve energy
savings of up to 68% compared with conventional open-display refrigeration units [74].

In the dairy sector, losses commonly arise from animal health issues, microbial spoilage, and the
expiration of products with limited shelf life, leading to considerable economic issues and
environmental impacts. Furthermore, the dairy industry generates high volumes of products from
secondary streams such as whey, buttermilk, skim milk, and milk fat residues—which are poorly
utilized or completely discarded. Upcycling of these materials and using them in other sectors such
as in food, nutraceutical, cosmetic, and feed applications can significantly reduce waste and enhance
sustainability whilst offering an additional profit for the dairy industry [58]. Circular economy
principles, grounded in the waste hierarchy, offer pathways to reduce waste generation and enhance
valorization through reuse, recycling, and recovery strategies [103]. Among the principal waste
streams in dairy processing is whey; however, avoidable losses—including leakages, spillages,
product spoilage, and effluents from equipment cleaning—also represent significant sources of
waste. With respect to waste valorization, biotechnological approaches have demonstrated
considerable potential for converting dairy by-products into high-value outputs, including
biopharmaceutical compounds, whey-based food products, and bioplastics [104]. In addition, dairy
processing residues can serve as feedstocks for bioenergy production. For instance, dairy waste
streams may be utilized for ethanol production via yeast fermentation, while high-strength effluents
can be treated through anaerobic digestion to recover methane. Both ethanol and biogas can be used
on-site as supplementary fuel sources, thereby reducing reliance on external energy inputs.
Furthermore, emerging bio electrochemical systems offer additional opportunities to generate
electricity from dairy waste by exploiting microbial catalysts, contributing to enhanced energy
recovery and circular resource use [74,105].

The dairy industry is widely regarded as a rapid adopter of technological innovation and
automation, driven by the need for enhanced control and management across the entire supply chain.
Several Industry 4.0 technologies have been identified as key enablers of the transition toward Dairy
Industry 4.0, including robotics, the Internet of Things (IoT), blockchain, big data, 3D printing, and
artificial intelligence. In addition, complementary technologies such as digital twinning, machine
vision, machine learning, and advanced sensor systems are increasingly recognized for their potential
to further accelerate the shift from traditional dairy operations to a fully integrated Dairy Industry
4.0 model [106]. For instance, Al-driven optimization and IoT-based sensing systems enhance the
recovery and valorization of whey, allowing for the extraction of valuable compounds for food,
nutritional, and pharmaceutical applications. IoT-enabled equipment supports continuous quality
monitoring, while blockchain technologies improve traceability and strengthenconsumer confidence.
In parallel, digital twin systems enable the predictive modeling of the production processes which in
turn reduces material loss and overall enhances operational efficiency [107]. These solutions
empower dairy and beef producers to adopt circular principles within their operations. By turning
agricultural by-products into resources, the sector can significantly improve its environmental
footprint [58]. Nevertheless, several economic and social barriers must be addressed to enable the
widespread adoption of Industry 4.0 technologies in the dairy sector. These challenges include
inadequate infrastructure, particularly in developing regions where internet connectivity remains
limited, especially in rural areas. Insufficient financial resources to support the implementation of
Industry 4.0 initiatives represent another significant constraint, notably for small-scale dairy farmers
and producers [108].
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5. Energy Efficiency in the Fruit and Vegetable Sector

The environmental impact of food arising from the global fruits and vegetable value chain is
significant due to growth, harvesting and transportation and the resources (land, water) and energy
required often from fossil fuels [109-111].

Greenhouse gas emissions constituting approx. 40 gigatonnes of CO: equivalent in 2021 (IEA,
2022) are also generated from the use of synthetic fertilizers and pesticides in fruit and vegetable
production. A high food also contributes to global greenhouse gas emissions [56,111,112].

Citrus cultivation involves pesticide and fertilizers addition, leading to soil contamination and
accumulation of toxic elements [113,114]. Considerable amounts of irrigation water are required by
citrus orchards affecting the current climate change conditions hence operating as highly intensive
systems [115-117].

Contribution to greenhouse emissions also comes from processing such as cleaning, packaging,
transportation, consumption, and waste disposal, which is energy-demanding since long transport
distances are required especially from intercontinental value chains [118,119].

Different Life Cycle Assessment (LCA) studies have focused on preharvest processing
evaluating the environmental impacts of citrus cultivation across Italy, Spain, Nigeria, Mexico with
no integration of pre- and post-harvest impacts holistically, with limitations into ecological hotspots
across the global fruit and vegetable value chain [29,52,120-122]. However, Crenna et al. [110]applied
a holistic approach by identifying ecological hotspots and establishing citrus as a model system from
South Africa to the Netherlands for assessment of the sustainability of perishable, globally traded
commodities. They highlighted cultivation dominating water-use impacts (99%), accounting for 68%
of freshwater ecotoxicity due to chemical inputs amongst the culprits along with overseas shipment
affecting largely photochemical ozone formation and marine eutrophication in the post-harvest
stages.

Valorization of bioactive compounds from the utilization of fruit and vegetable wastes leads to
animal feed and bioethanol production [123]. Some of the waste management strategies for extraction
of valuable bioactive compounds include enzymatic hydrolysis, anaerobic digestion for biogas
production, and fermentation for production of organic acids and natural colorants [124]. Some other
techniques mentioned by Dhar et al. [125]include eco-friendly extraction techniques such as
supercritical and subcritical fluid extraction, enzyme-assisted extraction, microwave- and
ultrasound-assisted methods, and pulsed electric field processing.

Controlled environment agriculture (CEA), comprising both greenhouse and vertical farming
would solve the problems and challenges of the fruit and vegetable industry. CEA technology
research focuses on modelling/simulation, energy, lighting and sensors as reported by Huang et al.
[126].

Magnetic field-assisted technologies such as Oscillating Magnetic Field (OMF), Pulsed Magnetic
Field (PMF), Static Magnetic Field (SMF) employed in drying and freezing of fruits and vegetables
could affect on process efficiency and product quality (Islam et al. 2025).

Moreover, solar-radiofrequency (RF) hybrid systems could reduce the carbon footprint of food
processing as reported by Jiang et al. [127] for salmeterol vegetable. This could be applied to heat-
sensitive or seasonal products.

It is also worth mentioning the effect of antibacterial packaging as an intelligent postharvest
preservation method of fruits and vegetables in reducing postharvest food losses[128].

Finally, ultrasound-assisted extraction (UAE) has been employed as a green and efficient
method for the recovery of anthocyanins from fruit and vegetable waste [129]. Other methods could
also be used such as microwave-assisted, enzyme-assisted, supercritical-fluid extraction, pulsed
electric filed showing higher extraction yields and lower extraction time [130].

Consumption of anthocyanin-rich foods has increased lately due to their health benefits
(Mannino et al., 2021). These valuable compounds are derived from the agro-industrial fruit and
vegetable waste by recycling [131].
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6. An Energy-Efficient Strategy for Enhancing Fresh Produce Preservation
Through Sustainable Post-Harvest Food Packaging

6.1. Factors Contributing to Post-Harvest Losses in Fruit and Vegetable Supply Chains

Owing to their substantial nutritional benefits, fruits and vegetables are fundamental to human
diets and hold an important place in agricultural production systems. Beyond their dietary
importance, these commodities make substantial contributions to economic development,
environmental sustainability, and the promotion of public health on a global scale. At the global level,
fresh production represents an important segment of agricultural output and roles a critical role in
supplying markets and meeting the nutritional demands of populations worldwide[132].

International Food organizations have consistently emphasized the importance of have
consistently highlighted the significance of boosting fruit and vegetable demand due to their
numerous health benefits, particularly in reducing the risk of various diseases. Fruits and vegetables
products are abundant in essential nutrients and bioactive compounds, offering energy,
carbohydrates, minerals, organic acids, dietary fiber, carotenoids, vitamins (such as vitamins A, B6,
B12, and C), amino acids (including thiamine, riboflavin, and niacin), antioxidants, water,
phytochemicals, and other components that enhance health and immunity[133]. Due to their high
phytochemical content and relatively low levels of fat, sugar, and sodium, regular consumption of
these foods has been linked to the prevention of several chronic noncommunicable diseases
(NCDs)[134].

Consequently, nutritional guidelines frequently recommend consuming a diverse and colorful
diet to ensure the intake of widespread range of vitamins, minerals, and phytochemicals that
collectively contribute to overall health. International dietary guidelines recommend a minimum
daily intake of fruits and vegetables; however, evidence indicates that their actual availability and
consumption remain insufficient in many parts of the world[135]. This discrepancy is largely
attributed to significant postharvest losses, which continue to limit the effective availability of fruits
and vegetables compared to the recommended intake levels.

Postharvest losses refer to decline in both the amount and quality of agricultural goods; from
the time they are harvested until they are consumed. Figure 2 shows the factors contributing to
postharvest losses throughout the supply chain.
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Figure 2. Reasons of postharvest losses during the supply chain.

These losses are raised serious challenge to global food security, as they directly undermine its
core dimensions, including food availability, accessibility, utilization, and stability. In fact, the
magnitude of postharvest losses is strongly influenced by weaknesses in supply chain management,
limited managerial capacity, logistical constraints, technological limitations, and insufficient skills
and knowledge among stakeholders [136]. In addition to threatening food security, postharvest losses
represent a significant economic burden across agri-food systems. From an economic standpoint,
maximum amounts of postharvest losses have been represented in livestock goods such as milk,
meat, fish, and eggs, followed by fruits and vegetables [137].Additionally, Post-harvest waste
increases the carbon footprint primarily by requiring repeated agricultural production and associated
upstream inputs to compensate for lost production, thereby increasing cumulative greenhouse gas
emissions from fertilizer use, on-farm energy consumption, cold-chain operations, and transportation
fuel per unit of final food consumed[134].

Losses of fresh fruits and vegetables occur at various parts during the supply chain, including
harvesting, postharvest handling, processing and packaging, storage due to inadequate practices and
infrastructure, transportation, distribution, and consumption. Postharvest losses are driven by a
combination of physiological, mechanical, environmental, and biological factors, including pests and
diseases[138]. Among these, biological factors are recognized as the leading contributors to
postharvest losses in fruits and vegetables. the reasons of postharvest losses can be broadly classified
into primary and secondary factors. Temperature is the most critical primary factor influencing
postharvest life, as exposure to inappropriate temperatures during harvesting, handling,
transportation, and marketing accelerates respiration and metabolic activity, leading to rapid quality
deterioration[139]. Lower storage temperatures can reduce respiration and water loss in fruits and
vegetables while also preventing microbial development, leading to longer storage life[140]. Water
loss is another key physiological issue, resulting in weight loss, shriveling, softening, and overall
quality decline, which negatively affects consumer acceptance. In addition, mechanical damage
during handling and transportation further reduces both the marketable quality and quantity of fresh
produce [141]. So, Proper storage, including low temperature, relative humidity between 90% and
95%, suitable gas composition, adequate air circulation, and careful stacking, reduces Adverse
biochemical reactions such as sprouting, rotting, greening, and firmness, thereby limiting postharvest
losses and the associated carbon footprint from additional production and logistics [134].

Microbial factors represent a major source of postharvest losses in fruits and vegetables. Fresh
produce, particularly fruits and vegetables, is highly perishable, and its quality can deteriorate
rapidly during postharvest handling, transportation, storage, and marketing processes [140]. The
pronounced perishability of these commodities is largely attributed to their high-water content,
which creates favorable conditions for rapid decay caused by fungi and bacteria. Among microbial
agents, fungal pathogens are considered the most common and spoilage, infecting abroad range of
host plants and accounting for a substantial proportion of both physical and economic losses of fresh
fruits and vegetables during storage and transportation [142]. The principal fungal genera associated
with postharvest losses include Alternaria, Aspergillus, Colletotrichum, Botrytis, Monilinia, Diplodia,
Penicillium, Rhizopus, Phomopsis, Mucor, and Sclerotinia, along with bacterial genera such as
Pseudomonas and Erwinia [143]. Fruits are particularly susceptible to fungal infections due to their low
pH, high moisture levels, and rich nutrient elements. These fungi induce various forms of fruit rot
and may also produce mycotoxins, rendering affected fruits unsafe for consumption. In contrast,
vegetables tend to be more vulnerable to bacterial contamination because their relatively higher pH
provides a more favorable environment for bacterial growth. Additionally, ethylene gas released by
certain fruits and vegetables can accelerate ripening and promote rapid deterioration in nearby
produce when proper segregation practices are not applied. This interaction further exacerbates
postharvest losses by shortening shelf life and compromising overall produce quality[137].
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6.2. Impact of Post- Harvest Losses

Postharvest losses exert substantial economic and environmental consequences and play a vital
task in influencing the carbon footprint of food matrixes. Food loss and waste directly impact
nutritional outcomes, income generation, economic growth, and efforts to reduce hunger and
poverty. From an economic perspective, postharvest losses reflect inefficiencies and structural
weaknesses within value chains and food matrixes, leading to a decline in the financial value
captured by stakeholders involved in production, handling, and distribution processes [144].
Moreover, in an increasingly globalized food market, losses occurring in one region can influence
food availability and price stability in other parts of the world through international trade linkages,
thereby amplifying their broader economic impact [145].

Beyond the economic consequences, post-harvest waste significantly contributes to
environmental degradation and increased carbon footprint. Food that is produced but not consumed
involves substantial inputs of energy, water, soil resources, biodiversity, and agricultural inputs, all
of which are effectively wasted when losses occur [146]. The production of food that ultimately
remains uneaten results in unnecessary greenhouse gas emissions, particularly carbon dioxide,
generated throughout cultivation, processing, transportation, and storage stages, without delivering
any nutritional benefit to society. Additionally, the decomposition of discarded fruits and vegetables
emits methane and carbon dioxide into the atmosphere, further exacerbating climate change and
environmental pollution [147].

These environmental impacts are closely linked to the resource- and cost-intensive nature of
agricultural production. Farming is a laborious and time-consuming job. that requires substantial
financial investment at every stage, including land acquisition, fertilizer application, irrigation,
harvesting, and transportation to markets, particularly in market-oriented production systems.
Beyond these measurable resource losses, post-harvest waste also contributes to the degradation of
natural landscapes, ecosystem services, and the depletion of valuable production resources [140].
Given these high production costs, farmers must recover their investments and secure profitability,
highlighting the vital tasks of effective post-harvest management in reducing food loss across the
entire supply process, starting at the farm and ending with the consumer, without negatively
affecting product quality [148].

6.3. Reducing the Post-Harvest Losses

A broad spectrum of both basic and advanced technological strategies has been introduced to
decline postharvest losses in fruits and vegetables, incorporating mechanical, chemical, and
microbiological methods across agricultural production and food processing systems. As
technologies and methodologies continue to advance, industries progressively refine, optimize, and
replace outdated and less efficient practices with more effective postharvest management strategies.

Zero Energy Cool Chambers (ZECC) play to increasing the shelf life and preserving the quality
of horticultural produce by reducing storage temperatures by approximately 10-15 °C while
maintaining relative humidity levels close to 95%. Nevertheless, the rapid removal of zone heat
through immediate pre-cooling after harvest remains essential to hinder accelerated deterioration.
Although most postharvest storage methods rely on low-temperature conditions, maintaining such
environments consistently throughout the supply chain presents considerable challenges,
particularly in developing countries [149].

Additionally, solar drying has emerged as an effective method for extending the shelf life of
fruits. In addition to reducing transportation costs, this approach helps alleviate seasonal supply
surpluses and contributes to improved nutritional quality[150]. Given that fresh produce may contain
up to 95% moisture, it provides favorable conditions for enzymatic activity and microbial growth.
The fundamental objective of drying is therefore to decline moisture content to levels that inhibit
enzymatic reactions and microbial growth; however, excessive moisture removal can result in
increased brittleness and compromised textural integrity of the product[143].
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In this context, recent advances in postharvest packaging have increasingly emphasized energy-
efficient and sustainable solutions as central components of fresh produce preservation systems.
Innovative packaging materials and designs that optimize gas exchange, maintain high humidity,
and reduce dependence on active refrigeration contribute not only to extending shelf life but also to
lowering energy consumption across the postharvest supply chain. The integration of low-energy
storage technologies with sustainable packaging, such as biodegradable materials, passive modified
atmosphere packaging, and recyclable containers, has demonstrated significant potential to reduce
food losses while simultaneously decreasing greenhouse gas emissions associated with cold storage,
transportation, and packaging waste ([151]. Furthermore, the combined application of ripening
inhibitors, elevated CO, concentrations, reduced O, levels, and edible wax coatings is commonly
employed to improve the storage life of fresh produce [152]. Finally, several chemical formulations
have been investigated to regulate ethylene concentrations by maintaining levels below the
physiological threshold required to induce ripening. Ethylene absorbents such as calcium chloride
(CaCly) and potassium permanganate (KMnO,) demonstrate substantial commercial potential when
used in controlled storage environments; however, access to such technologies remains limited for
many small-scale producers due to technical and economic constraints [153].

6.3.1. Chemical Methods

Chemical treatments are extensively applied to mitigate postharvest losses in fruits and
vegetables through the control of microbial spoilage, pest infestation, and physiological processes
associated with ripening and senescence. It is analyzed that approximately 20-30% of annual
agricultural production is lost due to pests, plant diseases, and weeds, a factor that has driven the
widespread use of pesticides to safeguard produce quality and yield [154]. These chemical agents
include insecticides, fungicides, rodenticides, herbicides, and biopesticides, each designed to target
specific sources of deterioration. Among them, chemical fungicides are particularly critical because
of their strong antifungal activity, which effectively suppresses the growth of spoilage fungi on fruit
and vegetable surfaces. In dried fruit products, fumigants such as methyl and ethyl formate, and in
decisive fields ethylene oxide, are commonly employed to control mold development and insect
infestation. Furthermore, preservatives including sulfur dioxide, benzoic acid, propionic acid, sorbic
acid, and ascorbic acid are widely incorporated into processed fresh products, especially fruit juices,
to prevent the proliferation of yeasts and molds. Despite their effectiveness in delaying decay and
extending shelf life, inappropriate or excessive application of these chemicals has been contributed
to detrimental effects on human health and the environment, including water contamination and an
increased risk of neurological disorders and cancer, underscoring the necessity of strict regulation
and compliance with maximum residue limits [155].

Beyond conventional pesticides, plant growth regulators and hormone-based treatments are
increasingly utilized to manage postharvest ripening and senescence. Among these, 1-
methylcyclopropene (1-MCP) is recognized as one of the most effective and widely adopted
postharvest treatments for climacteric fruits. By binding to ethylene receptors, 1-MCP inhibits
ethylene perception and signal transduction, thereby delaying ripening and senescence while largely
preserving fruit quality[156]. Other hormone-related compounds, such as gibberellic acid, cytokinins,
indole-3-acetic acid, methyl jasmonate, salicylic acid, and melatonin, are also applied to regulate
physiological and biochemical processes during storage and distribution[157,158]. In addition,
ethylene scavengers such as potassium permanganate are used to maintain ethylene concentrations
at optimal levels, whereas compounds like maleic hydrazide are applied in specific commodities to
induce or modulate ripening.
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6.3.2. Innovative Methods

6.3.2.1. Ultrasound Technique

Ultrasound technique has appeared as a novel energy-efficient perspective for the preservation
of fruit- and vegetable-based food products. Its application is associated with reduced flavor
degradation, improved processing uniformity, enhanced product quality, and lower reliance on
chemical preservatives, while maintaining relatively low energy requirements. As an
environmentally friendly technology, ultrasound contributes to food safety enhancement and
reduced carbon emissions by minimizing processing intensity and shortening treatment times [159].

Ultrasound operates through high-frequency acoustic waves generated by transducers that
convert electrical energy into mechanical vibrations. These waves can be applied either directly or
through devices such as sonotrodes and ultrasonic water baths, allowing flexible integration into food
processing operations. Ultrasonic treatments have demonstrated effectiveness across multiple
preservation stages, including filtration, freezing and crystallization, thawing, brining, drying,
foaming and defoaming, extraction, and degassing. In fruit and vegetable-based systems, these
effects are primarily attributed to cavitation phenomena, which enhance mass transfer, disrupt
microbial cells, and facilitate enzyme inactivation[160].

Advanced ultrasound-based techniques, such as manosonication and manothermosonication,
integrate ultrasonic waves with elevated pressure and, in some cases, moderate heat to enhance
microbial and enzymatic inactivation at lower temperatures than conventional thermal treatments.
The combined effects of cavitation, shear forces, and localized microstreaming disrupt cell
membranes, denature enzymes, and accelerate mass transfer, thereby improving process efficiency
while minimizing thermal degradation of sensitive food components. As a result, ultrasound-assisted
processes have been increasingly employed for enzyme inactivation, controlled crystallization,
degassing during packaging, and the exploitation of bioactive compositions, including essential oils
from plant matrices [151].

6.3.2.2. Pulsed Electric Field (PEF) Technique

Pulsed electric field (PEF) technique is an innovative non-thermal processing approach
increasingly applied in food processing to reduce postharvest losses while maintaining product
quality and safety. The method is distinguished by its short treatment times, continuous mode of
operation, and relatively low energy requirements, which have contributed to its growing interest as
an energy-efficient alternative to conventional thermal technologies. PEF operates by applying high-
intensity electric pulses that disrupt the integrity of cellular membranes, leading to enhanced
microbial inactivation and improved shelf life with minimal impact on nutritional and sensory
attributes [161].

PEF has been widely adopted in the food and beverage industry, particularly for the
preservation of fruit and vegetable juices, where it effectively improves microbiological safety
without inducing significant thermal damage. By reducing processing time and energy consumption,
PEF supports lower greenhouse gas emissions and contributes to carbon footprint reduction across
food processing systems. However, the adoption of PEF at an industrial scale is constrained by
economic and technical factors. High equipment costs, limited efficacy against certain microbial
spores and enzymatic activity, and the potential generation of by-products during electrolysis have
restricted its widespread use in commercial food preservation. Addressing these limitations is
important for expanding the role of PEF in sustainable and energy-efficient food preservation
strategies [162].

6.3.2.3. High-Pressure Processing Technology

High-pressure processing (HPP) is recognized as a cutting-edge non-thermal preservation
technology, particularly for large-scale applications. The technique operates at pressures, depending
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on the type of homogenizer and, in some cases, supercritical fluids employed. The primary function
of HPP is microbial inactivation, while simultaneously offering benefits in food structural
engineering, preserving both texture and compositional integrity[163]. During processing, packaged
food products are placed inside an external container and automatically loaded into a high-pressure
vessel, which is then sealed. Water is typically used as the pressure-transmitting medium and is
introduced from one or both sides of the vessel. Once the target pressure is reached, the pumping
ceases, and no additional electrical input is required to maintain the isostatic pressure throughout the
holding period. This approach ensures uniform pressure distribution, in contrast to conventional
thermal processes that are subject to temperature gradients, thereby guaranteeing consistent
treatment of all molecules within the vessel ([164].

Its advantages include effective microbial inactivation without compromising sensory attributes
or nutritional quality, making it an energy-efficient alternative to traditional thermal methods. By
inactivating microorganisms through isostatic pressure rather than heat, HPP maintains food safety
and quality while decreasing energy consumption and related to greenhouse gas emissions, thereby
supporting sustainable food preservation and lowering the carbon footprint relative to conventional
thermal techniques [165]. Sampedro et al. (2014) reported that HPP and PEFs generate higher initial
CO:2 emissions relative to traditional thermal pasteurization, with HPP producing up to 773,000 kg
CO: per year versus 90,000 kg for thermal processing. Nevertheless, the improved shelf life and
declined fresh products spoilage associated with these methods may compensate for the higher initial
emissions [166].

6.3.2.4. Cold Plasma Technology

In recent years, cold plasma has been recognized as a potential non-thermal technique in food
preservation, as it is capable of generating various reactive compounds at atmospheric or low
pressure. These reactive agents, such as reactive oxygen species (ROS), reactive nitrogen species
(RNS), charged particles, and UV photons, work together to disrupt microbial cell walls and
membranes, leading to oxidative stress, damage to lipids and proteins, changes in DNA, and
structural disintegration, ultimately leading to irreversible loss of cell viability and inactivation of
spoilage microorganisms and pathogens. The generation and action of these species depend on
plasma source parameters, gas composition, and treatment conditions, which influence the types and
concentrations of reactive agents produced. ROS and RNS have been identified as the main active
agents in cold plasma microbicidal action, causing cell wall rupture, intracellular component
oxidation, and inhibition of microbial replication[167]. Additionally, postharvest losses in fruits and
vegetables, cold plasma treatment reduces microbial spoilage and physiological degradation without
the need for elevated temperatures, thereby increasing the shelf life of produce while keeping
nutritional and sensory value. Moreover, cold plasma’s operation at room or near-room temperatures
with minimal energy inputs offers an environmentally efficient alternative to energy-intensive
thermal technologies, potentially reducing cumulative energy request and associated greenhouse gas
emissions by decreasing reliance on refrigeration and prolonged heating during storage and
distribution[168].

6.3.3. Physical Methods

In addition to chemical strategies, the most widely applied physical methods for the postharvest
preservation of perishable products include temperature and humidity regulation, controlled and
modified atmosphere packaging(MAP), radiation-based techniqe petroleum-based plastic
packaging, and wax-based coatings ([169]).

6.3.3.1. Temperature Regulation

Low-temperature storage is a primary method for keeping fruits and vegetables fresh after they
are harvested. Fresh and minimally processed produce requires chilled conditions to suppress
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microbial proliferation and reduce enzymatic activity. Lower storage temperatures slow key
physiological processes, including respiration and ethylene production, thereby contributing to the
preservation of quality and market value of horticultural commodities. Consequently, precooling is
commonly employed as a standard postharvest practice in the fresh produce industry due to its cost-
effectiveness, simplicity, and operational feasibility. Despite its advantages, exposure to excessively
low temperatures or prolonged cold storage may induce chilling injury, particularly in perishable
originating from tropical and subtropical [170].

Refrigeration is the most widely used postharvest temperature-control method, operating by
continuously removing heat to maintain low temperatures. At 4-10 °C, metabolic and enzymatic
activities in fruits and vegetables are slowed, delaying ripening, senescence, and textural
degradation. Low temperatures also suppress spoilage microorganisms, including psychrotrophic
bacteria such as Pseudomonas fluorescens and Pseudomonasmarginalis, by reducing metabolic rates and
inhibiting enzyme functions required for growth. Additionally, enzymatic activity, for example
polygalacturonase involved in cell wall softening, is slowed, helping preserve texture and quality. By
controlling both microbial proliferation and physiological degradation, refrigeration effectively
extends shelf life and minimizes postharvest losses while maintaining nutritional and sensory
attributes[171].

6.3.3.2. Regulation of Heat and Humidity

Short-term heating is one of the oldest and most frequently applied methods for preserving food,
primarily used to reduce microbial load and inhibit enzyme activity. Although excessive heat can
negatively affect nutritional quality, flavor, texture, and color of perishable produce, carefully
controlled short-duration treatments, such as brief hot water immersion, are effective in suppressing
surface microorganisms and limiting enzymatic browning in fresh fruits and vegetables. Owing to
their simplicity and reduced reliance on chemical preservatives, these treatments are increasingly
adopted as energy-efficient strategies that enhance food safety while minimizing environmental
impact [171].

Precise regulation of relative humidity during postharvest storage plays a critical mechanistic
task in preserving fruits and vegetables by directly effecting water relations, metabolic activity, and
microbial dynamics. By reducing the vapour pressure deficit between the produce surface and the
surrounding atmosphere, moisture loss through transpiration is minimized, which helps maintain
cellular turgor, membrane integrity, and enzymatic stability, thereby slowing respiration and
senescence processes. At the same time, optimized humidity conditions limit the proliferation of
spoilage microorganisms which growth is strongly governed by water activity, reducing microbial-
induced deterioration. The combined suppression of physiological dehydration and microbial
spoilage significantly lowers postharvest losses, decreasing the need for prolonged refrigeration,
repeated handling, and replacement production. As a result, energy consumption across storage and
distribution stages is reduced, leading to a measurable decline in associated greenhouse gas
emissions and contributing to a lower carbon footprint within postharvest supply chains[172].

6.3.3.3. Irradiation

The application of irradiation serves as an efficient physical preservation strategy to enhance
shelf life and safeguard the quality of fruits and vegetables, while offering a viable alternative to
chemical treatments whose use may be restricted. Among irradiation methods, ultraviolet (UV)
radiation is widely applied in postharvest preservation, primarily through direct surface sterilization
and the induction of defense responses in fresh produce. In particular, non-ionizing UV-C radiation
is usually utilized for both whole and minimally processed fruits and vegetables, as it effectively
decontaminates produce surfaces without leaving chemical residues [173].

Gamma irradiation, a form of ionizing radiation, is widely used to preserve minimally processed
fruits and vegetables. Its strong penetration allows it to destroy microorganisms by disrupting their
DNA, effectively lowering microbial counts. Foods exposed to this treatment remain non-radioactive
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and safe to eat. Although the industrial maximum dose is set at 10 kGy (Codex), smaller doses are
usually enough to meet specific preservation objectives.[174]. Pathogenic microorganisms can be
eliminated at doses ranging from 1 to 5 kGy, whereas lower doses (0.2-0.5 kGy) are impressive in
postponing fruit ripening and senescence. For instance, a dose of 2 kGy has been reported as optimal
for preserving the microbiological quality of minimally processed carrots and lettuce, significantly
reducing colonies of Bacillus cereus, Cronobacter sakazakii, Staphylococcus aureus, and Klebsiella spp[175].

Beyond microbial inactivation, ionizing radiation preserves fruits and vegetables without
significantly increasing product temperature, making it an energy-efficient technology suitable for
quality-sensitive commodities. The method requires relatively low energy input, leaves no chemical
residues, inhibits sprouting, slows senescence, and can be easily integrated into available postharvest
systems. Consequently, ionizing radiation has been widely adopted for the preservation of spices,
herbs, condiments, and selected fresh produce [176].

However, the broader application of irradiation in postharvest systems remains limited, largely
due to the high capital costs associated with irradiation facilities and persistent reservations among
consumers. These concerns are frequently linked to misunderstandings about the effects of
irradiation on food safety and quality, particularly the assumption that treated products become
radioactive or nutritionally altered. Limited public familiarity with the technology has contributed to
cautious consumer responses and reduced market acceptance of irradiated foods[7].

6.4. Role of Packaging Technologies in Reducing Postharvest Losses

The postharvest losses associated with fruits and vegetables pose a considerable obstacle within
the global food supply chain, resulting in profound economic detriment and suboptimal utilization
of natural resources. Furthermore, these losses contribute a significant role in the escalation of
greenhouse gas emissions associated with production, transportation, storage, and disposal, thereby
increasing the overall carbon footprint of horticultural Products[177]. Among the various strategies
developed to mitigate postharvest losses, packaging operates a critical role by keeping fresh produce
from mechanical damage, physiological deterioration, microbial spoilage, and environmental
stresses during handling, transportation, and storage [178].

Traditional packaging systems have been effective in extending shelf life; however, growing
concerns regarding environmental sustainability have shifted research emphasis is directed towards
groundbreaking packaging technologies that not only safeguard quality but also reduce
environmental repercussions. In this context, petroleum-based plastic packaging, modified
atmosphere packaging (MAP), controlled atmosphere (CA) storage, and emerging bio-based
solutions such as edible coatings and films have gained considerable attention as tools for decreasing
postharvest losses while lowering the carbon footprint of fresh produce[146].

6.4.1. Petroleum-Based Plastic Packaging

Packaging materials play a crucial role in the preservation of fruits and vegetables throughout
the postharvest continuum. Among the common materials, petroleum-based plastics are the most
widespread utilized due to their low cost, versatility, light weight, and favorable mechanical and
barrier properties. Common petroleum-derived polymeric materials used in food packaging include
polypropylene (PP), low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE),
high-density polyethylene (HDPE), polystyrene (PS), polyamide (nylon) ,polyethylene terephthalate
(PET), polyvinyl chloride (PVC), and polyvinylidene chloride (PVDC) [179].

Despite their effectiveness in preserving produce quality, petroleum-based plastics pose serious
environmental concerns. These materials are largely non-biodegradable and only partially recyclable,
leading to persistent environmental pollution. In addition, the depletion of petroleum oil reserves
and the carbon-intensive nature of plastic production have prompted stricter environmental
regulations worldwide, resulting in increasing restrictions on their use and stimulating interest in
environmentally friendly and biodegradable alternative [178]. Therefore, the growing demand for
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sustainable packaging solutions is particularly evident in the fresh produce sector, where both
environmental protection and consumer health are major concerns.

Despite being associated with fossil resource depletion and carbon-intensive manufacturing,
petroleum-based plastics still operate an important task in maintaining fresh produce during
transportation due to their higher barrier and mechanical properties. By providing low gas and
moisture permeability as well as high resistance to mechanical stress, these materials can significantly
reduce moisture loss, mechanical damage, and microbial spoilage, thereby extend shelf life and
maintain product quality. Consequently, the reduction in postharvest losses can prevent the
unnecessary waste of agricultural inputs, energy, and resources already embedded in food
production. Life cycle assessment (LSA) studies indicate that packaging systems that substantially
reduce transportation-related losses, such as reusable polypropylene crates, which were reported to
decrease citrus losses by over 60% through better handling of vibration and load stress, may offset a
portion of their embedded environmental impacts, leading to a overal reduction in the total carbon
footprint of fresh produce supply chains under certain conditions [180].

However, the reliance on conventional petroleum-based plastics in fresh-cut produce remains a
concern due to their environmental impact, despite their effective preservation of quality. Recent
study by Corinne et al. (2025) comparing traditional polypropylene (PP) packaging with
biodegradable polylactic acid (PLA) for fresh- fennel (Foeniculum vulgare Mill.) demonstrated that
PLA can maintain product quality over 10 days of storage at 4 °C, preserving color (higher H° values),
sensory acceptability, and firmness, with only slightly higher weight loss (1-2%) compared to PP.
These results indicate that biodegradable packaging materials can provide preservation performance
comparable to conventional plastics while offering a more sustainable and environmentally friendly
alternative, supporting the transition toward low-waste, renewable packaging solutions in the fresh
produce sector [181].

6.4.2. Biodegradable Plastic Mulches as a Low-Carbon Strategy

Beyond food packaging applications, the same design principles underlying bio-based and
functional films, including the use of renewable polymers, bioactive compounds, and
environmentally benign additives, can be extended to agricultural systems. In particular,
biodegradable polymer films developed for packaging purposes have inspired the formulation of
plastic films for soil coverage, commonly referred to as mulching materials. Mulching materials can
be broadly classified into organic mulches, such as straw, crop residues, and compost, and inorganic
mulches, including gravel, paper, and plastic films. Among these, plastic film mulching has been
extensively adopted in modern agriculture due to its effectiveness in improving soil temperature,
moisture retention, and crop yield. So, when applied at the soil-atmosphere interface, these films not
only perform physical barrier functions but also influence soil microclimate, biological activity, and
greenhouse gas dynamics [182]. Despite its agronomic benefits, conventional plastic film mulching,
predominantly based on polyethylene (PE), has raised serious environmental concerns. Residual
plastic accumulation in agricultural soils and the energy-intensive processes required for film
production, and disposal contribute to environmental degradation and greenhouse gas (GHG)
emissions during their life cycle. These concerns have prompted increasing interest in alternative
mulching materials that align with sustainable agriculture and low-carbon development goals. For
this reason, biodegradable plastic mulches (BDPs) have appeared as an effective alternative to
conventional PE mulches. Designed to degrade in situ through microbial activity, BDPs aim to
maintain the agronomic benefits of plastic mulching while mitigating plastic residue pollution and
potentially reducing the carbon footprint of agricultural production systems [183].

Beyond their environmental compatibility, recent studies indicate that BDPs can substantially
reduce the overall carbon footprint of crop production when increased on a life-cycle basis. Although
the production phase of biodegradable mulches may involve relatively higher energy inputs
compared to PE films, their performance during crop growth and, most notably, their end-of-life
degradation in soil significantly decrease total GHG emissions [184]. For instance, LCA show that
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BDPs like starch or PLA/PBAT blends can achieve up to 81% lower global warming potential (GWP)
in some cases, primarily from biogenic carbon credits and avoided disposal emissions. Moreover,
yield-scaled carbon footprints are generally lower under both PE and BDP systems compared to no-
mulch systems, indicating improved carbon efficiency per unit of agricultural output [185]. The
reduction of GHG emissions associated with biodegradable mulches is driven by multiple
mechanisms, including the elimination of film collection and disposal processes, improved soil
hydrothermal conditions that enhance crop productivity, reduced nitrous oxide (N>O) and methane
(CH4) emissions from soil, and potential increases in soil organic carbon sequestration through
microbial mineralization[186].

The agronomic suitability and climate-mitigation potential of biodegradable plastic mulches
(BDPs) strongly depend on their ability to retain mechanical integrity throughout the growing season
while undergoing controlled biodegradation thereafter. To balance cost, field durability, and
biodegradability, BDPs are typically manufactured with minimal thickness, ensuring adequate
mechanical performance during crop growth and rapid mineralization post-harvest [187]. Field
studies indicate that mulch degradation commonly initiates within 2-3 months after application and
can exceed 90% under irrigated conditions within 4-6 months, although degradation rates vary
substantially with local climatic conditions. Temperature and precipitation are the dominant
environmental drivers, with higher temperatures accelerating microbial activity and biodegradation
following a QI0-type response, and increased precipitation promoting moisture-driven
mineralization processes [188]. Consequently, warmer and wetter environments tend to induce faster
degrade of mulch functionality, whereas cooler or drier climates prolong film stability. These climate-
dependent degradation dynamics are critical for evaluating the life-cycle GHG performance of
biodegradable mulches, as they directly influence in-field functionality, end-of-life emissions, and
overall carbon footprint [189]. When integrated into agricultural systems, such climate-responsive
degradation behavior supports the dual objective of maintaining agronomic benefits while reducing
plastic residues and GHG emissions, strengthening the task of biodegradable mulches as an
important component of low-carbon and sustainable crop production systems [190]. Representative
examples of biodegradable and conventional mulching materials, their polymer compositions,
greenhouse gas impacts, and underlying mitigation mechanisms are summarized in Table 1.

Table 1. GHG-related mechanisms of different mulch film types.

Mulching material Integrated effect on GHG emissions Reference

and main mitigation mechanism

Biodegradable plastic mulch Higher production GHG, lower crop [191]
(BDM) formulated from growth and waste disposal GHG; area-
polybutylene adipate-co- scale similar to PE and yield-scale
terephthalate (PBAT) and lower than no-mulch; avoiding plastic
polylactic acid (PLA) residue, and maintaining crop
productivity.
Mulch made from thermoplastic Biodegrades faster than chemically [192]
starch (TPS) and mulch made modified TPDAS under controlled
from thermoplastic dialdehyde composting; microbial degradation
starch (TPDAS) occurs in three phases with

actinomycete strains (Micromonospora,
Nocardia, Streptomycete), reducing
plastic persistence in compost and

mitigating end-of-life emissions.
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Virgin starch or reclaimed starch ~ Achieving a reduction in greenhouse [193]
mulch gas emissions of up to 80% and a
decrease in non-renewable energy use
by as much as 60% on a per-weight basis
when compared to petrochemical-
derived LDPE and polypropylene.
Additionally, it results in energy
savings ranging from 10 to 200
megajoules per square meter annually.

TPS + Polycaprolactone (PCL Biodegradation; Bio-based carbon [194]

)mulch reduces GHG; Soil moisture &
temperature regulation; reduces yield-
scaled emissions; No disposal required.
TPS + PBAT + PLA mulch film Biodegradation; reduces plastic [195]

residue; Soil moisture modulation;

Seasonal growth & yield effects
(increase to 33-34% in fall-winter);
Color-dependent microclimate
regulation; Lower GHG via bio-based
carbon.
Starch + PLA mulch film Biodegradation into CO, and water; [196]

Renewable carbon reduces GHG;

Improved yield and quality; Eliminates

end-of-season disposal.

Starch and polyester Reducing plastic residue and releasing [197]
biodegradable mulch short-term COy;
lowering carbon footprint;
Maintaining weed control with

occasional mulch splitting.

biodegradable Cellulose mulch Rapid fungal biodegradation by [198]
Aspergillus and Penicillium
(Trichocomaceae); Eliminates end-of-
season removal, landfill and
incineration emissions; Cellulose-based
renewable carbon lowers fossil CO,
footprint; Maintains weed suppression
without persistent plastic residues; No
significant change of bulk soil

microbial community structure.

Cellulose paper substrate + Replaces fossil-based plastic with bio- [199]
Sodium lignosulfonate—Fe based carbon; eliminates end-of-season

complex (black layer) + cellulose =~ removal and disposal emissions; black
acetate (hydrophobic layer) surface enhances soil heat retention

biodegradable film
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and crop growth, reducing yield-scaled

carbon.

6.4.3. Modified Atmosphere Packaging (MAP)

Modified Atmosphere Packaging (MAP) is a commonly employed method for maintaining the
quality and prolonging the shelf life of fruits and vegetables. This approach involves changing the
gas composition around the produce, usually by lowering oxygen (O.) levels and raising carbon
dioxide (CO,) levels. These adjustments help to reduce metabolic processes, lower the respiration
rate, minimize oxidative stress, slow tissue aging, and decrease ethylene production, which
collectively postpones the ripening and aging of the produce[200].

In addition to gas composition, MAP importantly enhances moisture maintain, which is often
more critical for keeping produce quality than precise O, and CO, concentrations. Packaging also acts
as a physical barrier, reducing exposure to external pathogens and environmental pollutants. Two
main approaches are employed in MAP systems: passive and active modification. Passive MAP
operates on the natural respiration of the produce and the gas permeability of the packaging film to
analyze equilibrium within the package. This equilibrium is influenced by the metabolic activity of
the produce, polymer film permeability, storage temperature, and relative humidity. Passive MAP is
generally more economical and widely used [200]. In contrast, active MAP involves the deliberate
substitution or removal of gases inside the package or the utilization of gas absorbers and scavengers
to obtain a specific initial gas composition, typically involving nitrogen (N;), oxygen, and carbon
dioxide. The influence of active MAP associates on the produce’s respiration rate, gas composition,
and the permeability of the packaging material. The application of MAP has been shown to
significantly extend shelf life; for example, the storage life of cherries has been increased to
approximately 30-40 days under optimized MAP conditions. In recent research by Jianchao et al.
(2025) with Sweet Cherry (Prunus avium L.), optimized LDPE-based MAP (PE30) established a
favorable gas element (7.0-7.7% O, and 3.6-3.9% CO,), effectively maintaining fruit quality attributes
while suppressing respiration and oxidative damage through enhanced antioxidant enzyme activity
during refrigerator storage .By reducing agriculture waste and prolonging shelf life, MAP indirectly
contributes to a reduction in the carbon footprint associated with postharvest [201].

6.4.4. Controlled Atmosphere (CA) Storage

Controlled Atmosphere (CA) storage is a well-established method for preserving fruits and
vegetables, having been utilized for over 200 years. Unlike modified atmosphere packaging (MAP),
CA storage based on the continuous and precise regulation of oxygen and carbon dioxide
concentrations within a hermetically sealed storage environment [201].

From a mechanistic perspective, the respiration rate and metabolic activity of fresh produce are
strongly dependent on the CO; to O, ratio, which directly influences ripening, senescence, and quality
degradation. By optimizing this gas composition, CA storage suppresses respiration and delays
physiological aging, thereby extending storage life and maintaining product quality. This increased
shelf life leads to a reduction in food waste, which is a chief source of greenhouse gas emissions in
the food supply chain. Consequently, CA storage indirectly contributes to carbon footprint reduction
by preventing the loss of agricultural inputs, energy, and resources already invested during
production, harvesting, and transportation. Research conducted by Giirbiiz Giines et al. [202]
demonstrated the critical role of gas composition in controlled atmosphere storage of cranberries
(Vaccinium macrocarpon Aiton) at 3 °C. increased CO, levels significantly reduced bruising,
physiological breakdown, decay, respiration rate, and weight loss, thereby lowering overall fruit
losses. An atmosphere containing 30% CO, and 21% O, was identified as optimal for quality
preservation. In contrast, extreme O, conditions (2%, 70% O, or 100% N,) promoted anaerobic
metabolism, leading to increased accumulation of fermentation goods as acetaldehyde, ethanol, and
ethyl acetate. While total phenolic and flavonoid contents were preserved under CA conditions, the
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~45% extend in total antioxidant activity observed in fruits stored in air was suppressed, indicating
that CO,/O; balance regulates not only physical deterioration but also key biochemical pathways.

However, CA storage is associate with higher operational costs compared to MAP and may pose
challenges related to prolonged low-oxygen conditions, which can promote anaerobic respiration
and increase the risk of physiological disorders or anaerobic pathogen growth. Despite these
limitations, CA storage remains a valuable and increasingly optimized technology for long-term
preservation of fresh products. With ongoing advancements in sensor accuracy, automation, and
energy-efficient gas management systems, CA storage is increasingly aligned with sustainable
postharvest strategies aimed at enhancing food safety while reducing the overall carbon footprint of
fresh produce supply chains[203].

6.4.5. Edible Coatings

Within the broader framework of eco-friendly and sustainable food packaging, edible films and
coatings have emerged as biodegradable, renewable alternatives to conventional fossil-based
materials. Edible coatings represent an emerging low-energy intervention in postharvest
preservation by shifting preservation control from macro-scale environmental regulation to micro-
scale surface-level modulation. Unlike conventional preservation technologies that rely on
continuous energy input to modify storage atmospheres or temperature, edible coatings function
through passive regulation of mass transfer at the produce—environment interface. By selectively
change gas diffusivity and water vapor permeability at the fruit or vegetable surface, these coatings
modulate respiration kinetics and oxidative pathways with minimal external energy demand [178].

This mechanism has been quantitatively demonstrated by Rojas-Graii et al. (2008), who reported
that alginate and gellan-based edible coatings reduced respiration rates of fresh-cut Fuji apples, solely
through surface-level modulation of gas diffusion and moisture. Additionally, the coatings,
crosslinked with calcium chloride and supplemented with N-acetylcysteine, delayed ethylene
production to below 50 ul L throughout storage, while uncoated apples produced ethylene from
the first day that stabilize internal O, and CO, gradients, reduce ripening metabolic fluxes.
Consequently, the preserved quality per unit of energy consumed is improved, highlighting a direct
pathway through which edible coatings contribute to carbon footprint reduction in fresh produce
systems[204]. Supporting the effectiveness of polysaccharide-based edible coatings, Khodaei et al.
(2021) showed that strawberries coated with polysaccharides such carboxymethyl cellulose (CMC),
low methoxyl pectin (LMP), Persian gum (PG), and tragacanth gum (TG) maintained acceptable
quality for 16 days at 4 °C, with CMC-coated fruits losing only ~3.65% weight and TG-coated samples
showing ~32.66% decay, compared to rapid deterioration in uncoated controls. By extending shelf-
life, these coatings reduce the need for intensive refrigeration and frequent handling, which can lower
refrigerator-chain energy use and associated carbon emissions, enhancing the sustainability of
postharvest supply chains [205].

Furthermore, the incorporation of bioactive compounds within edible coatings introduces a
targeted food safety function that minimizes reliance on energy-intensive decontamination methods.
Antimicrobial and antioxidant agents embedded in the coating matrix act locally at the produce
surface, suppressing microbial growth and oxidative degradation without the need for thermal or
chemical interventions. For example, Sanchez-Gonzalez et al. (2011) reported that chitosan coatings
enriched with thyme essential oil reduced surface microbial populations (Listeria monocytogenes,
Escherichia coli and Staphylococcus aureus) on fresh-cut lettuce by 1.5-2.2 log CFU g, effectively
replacing repeated chlorine washing cycles [206]. Similarly, recent research confirms the efficacy of
Aloe vera-based coatings in delaying postharvest deterioration without relying on energy-intensive
storage interventions. In research by Buthane (2025), Aloe vera gel coatings (15-45%) applied after
harvest significantly reduced weight loss, delayed color development, and maintained firmness,
titratable acidity, chlorophyll content, total phenolics, and antioxidant activity during 18 days of shelf
life under room conditions. The most concentrated coating (45% AVG) was particularly effective in
suppressing rapid ripening and quality loss, demonstrating that surface-level bio-based coatings can
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stabilize physiological processes and extend shelf life even in the absence of refrigeration or
controlled atmosphere, thereby reducing dependence on energy-demanding postharvest
technologies[207].

6.4.6. Edible Films

Edible films are pre-formed, thin layers or sheets that are synthesized separately and
subsequently applied to food products as wraps or interlayers, whereas edible coatings are directly
formed on the surface of fruits and vegetables by dipping, spraying, or similar application methods.
This fundamental difference in application distinguishes edible films as stand-alone packaging
materials, while edible coatings function as in situ protective layers on produce surfaces [176].

Edible films are predominantly formulated from naturally derived biomacromolecules that are
biodegradable, biocompatible, and generally recognized as safe (GRAS) by regulatory organization
such as the FDA. These biomacromolecules can be widely classified into three categories:
hydrocolloids (including polysaccharides and proteins), lipid-based components (such as fatty acids,
waxes, and acylglycerols), and composite systems that combine two or more material classes to
optimize functional performance. In recent years, increasing attention has been focused on the
development of edible films derived from agro-industrial by-products. These materials offer the dual
advantage of utilizing renewable waste streams and imparting functional properties to the films
[186,192]. Polysaccharide-rich residues, such as apple peels, citrus pomace, and grape skins, provide
excellent film-forming capacity; while naturally occurring pigments and volatile compounds can
contribute to desirable color and flavor characteristics. It has been reported that fruit processing
industries generate substantial quantities of residues, many of which remain underutilized due to
their limited commercial value. For instance, apple processing alone produces several thousand tons
of peel annually, and seeds from fruits such as avocado, grape, mango, and jackfruit have been shown
to contain phenolic concentrations approximately 10-20% higher than those found in the
corresponding fruit pulp. The valorization of such by-products for edible film production represents
a cost-effective and sustainable strategy that adds value to food waste while reducing reliance on
petroleum-based packaging. When by-products are rich in lipids or contain poorly water-soluble
polymers, selective extraction of functional compounds using food-grade solvents may be employed
to enhance film uniformity and performance[157,181].

Polysaccharide and protein-based matrices primarily rely on extensive intermolecular hydrogen
bonding and, in some cases, electrostatic interactions to form a continuous and cohesive network
upon solvent removal. These interactions restrict molecular mobility and create dense polymeric
structures that effectively limit oxygen and carbon dioxide diffusion, thereby reducing oxidative
reactions and respiration rates when applied to fresh produce. In contrast, lipid-based components
contribute to film functionality through a fundamentally different mechanism. Due to their
hydrophobic nature, lipids disrupt the continuity of aqueous pathways within the biopolymer
matrix, increasing barrier for water vapor diffusion. As a result, moisture transfer is significantly
reduced, which is particularly advantageous for high-moisture foods. For example, in arabinoxylan-
based edible films, incorporation of hydrophobic lipid fractions significantly reduces water vapor
permeability by disrupting aqueous diffusion pathways and increasing tortuosity. Specifically,
composite films containing hydrogenated lipids achieved the lowest WVP values and exhibited water
contact angles exceeding 90°, indicative of enhanced hydrophobicity similar to synthetic LDPE films,
while lipid domain sizes around 0.54 um further increased resistance to moisture transfer[208].
However, excessive lipid content may lead to phase separation and reduced mechanical integrity,
underscoring the importance of controlled lipid incorporation. So, interfacial compatibility between
these phases, often improved through emulsifiers or fine dispersion techniques, determines the
homogeneity and stability of the final film.

Furthermore, bioactive compounds naturally present in fruit peels and seeds may act as natural
cross-linking agents through hydrogen bonding or covalent interactions with biopolymer chains,
leading to increased mechanical strength and thermal stability. Simultaneously, functional additives

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1245.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1245.v1

24 of 54

such as natural antioxidants, antimicrobial agents, plant-based compounds, essential oils, bioactive
peptides, and probiotics impart active packaging functionality, extending food shelf life through
inhibition of lipid oxidation and microbial growth and reducing physiological deterioration. A
bioactive edible film was developed by Tatsaporn et al. (2022) using Opuntia ficus-indica mucilage and
the probiotic Enterococcus faecium FM11-2 to enhance food preservation and promote health. The
mucilage contained 0.47 + 0.06 mg/g total sugars, 0.33 + 0.06 mg AGE/mL phenolics, 0.14 mg/mL
vitamin C, and exhibited 35.51 + 1.88% DPPH scavenging activity. The films showed 0.19-0.24%
moisture, 30.66-59.41% water solubility, and 0.15-1.5 g-mm/m?min-kPa water vapor permeability,
depending on the plasticizer (sorbitol or glycerol). Sorbitol enhanced mechanical properties (tensile
strength 44.71 + 0.78 MPa, Young’s modulus 113.22 + 0.23 MPa, elongation at break 39.47 + 0.61%) by
improving polymer chain interactions. The optimal formulation (cactus mucilage, gelatin, glycerol,
and probiotic) formed a hydrogen-bonded polysaccharide—protein network that reduced moisture
and oxygen migration while supporting probiotic viability, preserving fresh-cut apple quality. This
bioactive film demonstrates a dual function: protecting food via barrier and structural effects, and
delivering health-promoting probiotics with reduced refrigeration frequency and energy use,
contributing to lower carbon emissions, highlighting Opuntia-based films as a sustainable,
functional, and low-carbon packaging strategy [209].

6.4.7. Application of Nanotechnology for the Reduction of Postharvest Losses

A significant share of global food losses originates from the limited shelf life of products during
post-harvest handling and distribution. Accordingly, packaging optimization has become a central
strategy for food waste reduction and environmental sustainability. While conventional packaging
mainly offers physical protection, nanotechnology-enabled packaging provides advanced
functionalities, including improved oxygen with moisture barriers and antimicrobial properties.
These features extend shelf life, reduce food reprocessing, lower energy demand in cold-chain
logistics, and decrease CO,-equivalent emissions[210].

Nanotechnology applied to post-harvest management entails the manipulation of materials at
the nanoscale (1-100 nm), leading to improved physicochemical characteristics, including increased
surface-area-to-volume ratios and distinct morphologies. When incorporated at low concentrations
into edible coatings, nanoparticles interact effectively with polymer matrices, significantly extending
fruit shelf life beyond that achieved with conventional coatings. These additions also improve
mechanical strength, barrier performance, and thermal stability. Nanoparticles are broadly
categorized as organic and inorganic, with research primarily focused on inorganic types due to their
superior thermal stability, including metals and metal oxides (e.g., Ag, Au, TiO,, ZnO, CuO, Fe,;O;),
carbon-based materials, and mineral fillers. In parallel, lipid-based nanoparticles, such as liposomes,
solid lipid nanoparticles, nano emulsions, and exosomes, have gained attention because of their ease
of formulation, high bioavailability, and strong encapsulation capacity. These systems are
particularly suitable for edible coatings and films, which play as the first barrier against microbial
contamination and moisture loss, two key determinants of fruit and vegetable shelf life[210].

Research by Farahanian et.al [211]shows that incorporating nanomaterials into polymeric
packaging matrices substantially enhances protective performance and shelf-life extension. For
instance, polypropylene films containing 0, 1, and 3% nano-bentonite were evaluated for fresh-cut
lettuce under modified atmosphere storage at 4 °C for 12 days. Compared with control films,
nanocomposite films significantly improved physicochemical, microbial, and sensory quality.
Lettuce packaged with 1% nano-bentonite maintained acceptable quality until day 5, while 3% nano-
bentonite extended quality retention to day 9, whereas control samples deteriorated rapidly.
Microbial analysis further confirmed lower mold and yeast counts in nanocomposite-treated
samples. Overall, nano-bentonite incorporation extended lettuce shelf life by at least 4-5 days without
relying on energy-intensive preservation methods.

In another study, the combined application of plasma-activated water (PAW) washing and
polyethylene nanocomposite films containing nano clay was investigated for the post-harvest
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preservation of citrus fruits (sweet lemon) under ambient storage conditions. The synergistic use of
PAW and nanocomposite films led to a significant reduction in microbial growth, lower decay rates,
improved weight retention, and enhanced firmness over a five-month storage period. Treated
samples exhibited the lowest spoilage incidence and the highest quality stability, indicating that
combined plasma-based and nanocomposite packaging approaches can effectively extend the shelf
life and quality of citrus fruits without requiring energy-intensive preservation technologies [212].
Beyond technological performance, shelf-life extension directly influences consumer behavior and
food waste generation. Yu and Roe [213] demonstrated, using consumer survey data, that longer shelf
life, especially for perishable fruits and vegetables, significantly increases the probability of full
consumption. Reduced time pressure enables better storage and consumption decisions, leading to
measurable reductions in household food waste.

LCA is a critical tool for improving the environmental effectiveness of nanocomposite packaging
across the full life cycle, particularly regarding global warming potential (GWP). However,
comprehensive LCA studies remain limited. A systematic review by Nizam et al. [214] covering 71
LCA studies found that environmental impacts are largely driven by base polymer materials, while
the direct contribution of nanofillers is generally minor. The review also highlighted incomplete
modeling of nanoparticle-related flows and the lack of standardized life cycle inventory data, limiting
accurate GWP assessment. These gaps underscore the need for harmonized methodologies and
improved datasets for nanomaterial evaluation.

Nanobubbles (<200 nm) represent an emerging post-harvest technology with strong potential
for shelf-life extension and carbon footprint reduction. Their high stability and large surface area
enhance washing and disinfection efficiency without chemical additives or additional energy inputs.
Reactive oxygen species—containing nanobubbles (e.g., Os;, H.O,) effectively suppress microbial
growth, inhibit ethylene production, slow respiration and ripening, and reduce moisture and nutrient
losses. Replacing chlorinated washing with micro-nanobubble water further eliminates carbon-
intensive chemicals, collectively reducing energy demand and greenhouse gas emissions through the
fresh produce supply chain [215].

In parallel, Nano sensors form a core component of intelligent packaging systems by providing
real-time checking of physicochemical and biological changes. These sensors convert metabolic or
microbial signals into optical or electrochemical outputs, supporting quality management and waste
reduction. Ethylene monitoring is a key application, as ethylene serves as a primary indicator of fruit
ripening. For example, sensors based on palladium nanoparticle-decorated porous ZnO nanosheets
achieved detection limits as low as 10 ppb and accurately distinguished mango ripening stages,
preventing over storage and premature spoilage [216].

Biosensing Nano sensors further enable early spoilage detection through selective biological
interactions. For example, an electronic sensor based on multiwalled carbon nanotubes (MWCNTs)
was developed to monitor ethylene production in bananas. With nanotube diameters of 11.3 nm and
lengths of 10 um, the sensor accurately captured changes in ethylene emission during ripening, with
sensor responses increasing from 3.2% on day one to approximately 7% on day three before declining,
corresponding to ripening progression and onset of spoilage. This technology enables accurate
ripeness prediction, prevents excessive storage, and reduces food waste and greenhouse gas
emissions associated with replacement production and logistics. The study represents a successful
integration of nanotechnology and intelligent packaging for precise quality management and
enhanced supply chain sustainability[217].

Among the most widely used sensors in intelligent packaging are nanoscale time—temperature
indicators (TTIs). These devices operate based on irreversible chemical or physical reactions that
gradually respond to temperature changes. Typically, TTIs consist of pigments or Nano sensing
materials embedded in temperature-sensitive polymer matrices, translating cumulative thermal
exposure into an optical signal, such as a color change. The principal benefit of this mechanism based
on its ability to provide accurate information on the product’s temperature history, allowing
assessment of whether improper thermal conditions have occurred and whether spoilage risk exists.
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Such information is critical for cold-chain management, as appropriate temperature control prevents

excessive energy use in refrigeration systems and consequently reduces energy-related greenhouse

gas emissions[218]. The nanomaterials employed in TTIs, their response mechanisms, target

products, and associated environmental benefits in terms of waste and emission reduction are

summarized in Table 2.

Table 2. Application of nanomaterials in TTIs for the Reduction of Postharvest Losses.

Nanomateri TTI Response Target Brief Environmental Reference
al Mechanism Product  Descriptio  Implications
n
AgNPs (Silver Concentratio General  Colorimetr  Reduction in [219]
Nanoparticles) n-Dependent fruits icresponse  food loss and
aggregation; correlates waste (FLW);
geometry with improved cold
changes cumulativ chain
e efficiency;
temperatu  decreased life-
re, cycle GHG
allowing emissions per
real-time unit product
monitorin
g of cold
chain
conditions
Ammonium Oxidation of  pineapple, TTI color Uses common [220]
per sulphate phenol (free ~ pomegranat change chemicals; no
(APS)+Na,CO; radical- e, jackfruit correlates toxic residues
+Phenol mediated) with reported; low
microbial environmental
growth; impact
allows rapid
estimation
of microbial
spoilage
under
temperature
abuse
conditions
Polydiacetylen =~ Thermally General PDA/AgNPs Low AgNP [221]
e / Silver induced PDA fruits incorporated  concentration;
nanoparticles backbone into a CMC biopolymer
(PDA/AgNPs)  conformation film exhibit ~ (CMC) matrix
al change a color reduces
enhanced by change that nanoparticle
AgNP is dependent release;
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thermal onboth time  relatively low
conductivity and environmental
temperature, risk
with the
overall color
variation
correspondi
ng to the
temperature
exposure
history
Gelatin- Temperature  Fresh fruits Gold gelatin -based, [219]
templated gold  -dependent and nanoparticle  no additional
nanoparticles AuNP vegetables s embedded chemical
(AuNPs) growth and in polymeric reducers
aggregation matrices required;
in gelatin allow environmentall
nanoreactor sustained y friendly and
causing TTI response low toxicity
LSPR-based over
color extended
developmen storage
t at elevated
temperature
pH-dependent  pH changes Fresh fruits Dual Improved [222]
AuNP due to CO,  (mango, responsive prediction of
formation from  content; In-  kiwi) TTI shelf-life;
HAuCl, situ AuNP detecting reduced FLW;
formation both pH optimized
changesand  supply chain
temperature =~ management;
to track lower life-cycle
freshness GHG emissions
Cysteine- Enzymatic Perisha Liposome, AuNP Uses [223]
loaded pH- acidification  ble system coupled biocompatible
responsive (GOx/Glu) foods with GOx/Glu lipids and low
liposome / induces pH- (fruit, enables AuNP
gold triggered vegetab  instantaneous and loading;
nanoparticl cysteine les) irreversible color minimal
es (Cys- release, causing change within a chemical
pRL/AuNP AuNP narrow pH range, = waste; suitable
s) aggregation improving TTI for smart food
and LSPR- response sharpness packaging
based compared to
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conventional pH

dyes

Although nano sensors offer numerous benefits, their widespread use is hindered by the high
costs of production, long-term stability issues, potential nanoparticle migration into food, and
regulatory concerns related to consumer and environmental safety. However, recent advances in
nanomaterial design and performance optimization, along with continued safety- and function-
oriented research, support the promising integration of nano sensors into sustainable, safe, and
commercially viable intelligent packaging systems, contributing to low-carbon and environmentally
friendly food supply chains[210].

7. Utilizing Artificial Intelligence and Innovative Food Processing Methods to
Improve Food Safety, Quality, and Security.

In recent decades, food safety, quality, and security have emerged as major worldwide
challenges due to population growth, globalized supply chains, and increased complexity in food
systems. Food safety protects public health from biological, chemical, and pathogenic hazards, food
quality reflects sensory and nutritional attributes, and food security ensures adequate availability,
accessibility, and safety of food. Although distinct, these interrelated dimensions collectively
determine food system stability, and failure in any one can compromise the entire system[176].

Simultaneously, the environmental effectiveness of food systems, particularly greenhouse gas
emissions and rising carbon footprints, have become critical concerns. Food production, processing,
storage, and transport significantly contribute to global emissions, while overproduction, food waste,
inefficient energy use, and extended supply chains intensify resource depletion and climate change.
Consequently, achieving food safety, quality, and security requires integrating environmental
sustainability. Key priorities include reducing energy and resource use, minimizing food waste, and
limiting greenhouse gas emissions, as inefficient water, material, and energy use, along with poor
supply chain and logistics management, increase costs, fuel consumption, and environmental
impacts, ultimately threatening long-term food system sustainability[214]. Despite technological
advances, food systems still face challenges including complex global supply chains, limited real-
time contamination monitoring, inconsistent quality standards, increasing food waste, resource
scarcity, climate change, and labor shortages. Traditional food safety and quality management
approaches remain largely reactive and lack predictive and preventive capabilities. Consequently,
innovative strategies such as food valorization, transforming waste into value-added products, have
gained attention for sustainability, but their successful implementation requires advanced tools to
ensure product safety and quality [157].

In this context, artificial intelligence (Al) operates an essential task in enhancing food security
by improving supply chain optimization through the Forecasting the impacts of severe weather
conditions or logistical constraints, providing Preventive management. Al-driven predictive
analytics also facilitate the identification of surplus food and its redirection to redistribution channels,
reducing food loss and spoilage. Furthermore, the integration of Al with Internet of Things (IoT)
technologies and machine learning in precision agriculture supports improved crop performance
under variable environmental conditions and increases resource-use efficiency [224]. At a broader
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level, Al technologies, including machine learning (ML), natural language processing (NLP),
computer vision (CV), and reinforcement learning (RL), have emerged as transformative drivers
within food systems. By enabling real-time analysis of large-scale datasets, these technologies
provide scalable solutions for hazard identification, process monitoring, and risk reduction across
different stages of the food system. Key applications include contamination detection, predictive risk
management, and improved traceability through integration with blockchain. The composition of
artificial intelligence, Internet of Things, and blockchain enhances data integration, transparency,
efficiency, and security throughout food systems. Each of these will be briefly described in the
following sections[225].

7.1. Foundational Concepts of Al

Artificial intelligence has become an essential tool in addressing the complex issues related to
food safety, quality, and security. It offers advanced solutions for detection, prevention, and
management at every stage of the food supply chain. Beyond its function in monitoring and
identifying hazards, Al greatly enhances the effectiveness of modern food processing techniques such
as high-pressure processing (HPP), ultrasound technology, and pulsed electric fields (PEF). These
methods are crucial for ensuring the safety of food and extending its shelf life. By leveraging these
technologies, the food industry can achieve more accurate oversight, improve quality assurance
practices, and implement proactive measures, all of which are vital for complying with international
food standards. The upcoming sections will delve into the main Al methodologies and illustrate their
synergetic impact on the overall management of food safety, quality, and security[226]. The
environmental and sustainability implications of Al-based approaches applied across food safety,
quality, and security are summarized in Table 3.

Artificial intelligence constitutes a comprehensive technological framework that integrates
multiple complementary approaches to address food safety, quality, security, and valorization
challenges across the entire food system. Machine learning (ML) serves as a foundational component
by providing the analysis of large-scale datasets obtained from environmental sensors, production
records, and historical supply chain data to detect contamination events, spoilage patterns, and
quality deviations, while also optimizing critical processing parameters in advanced processing. In
parallel, ML-driven innovations support emerging solutions such as nanotechnology-based
packaging, where intelligent models enhance barrier properties, shelf-life stability, and safety
through continuous monitoring of temperature, humidity, and storage conditions, while identifying
opportunities for converting food waste into value-added products.

Building on these capabilities, deep learning (DL), especially convolutional neural networks,
enables high-precision visual inspection by detecting physical defects, microbial contamination,
discoloration, and textural irregularities that are often Subtle to human operators, thereby ensuring
consistency across production batches and preventing unsafe products from entering the
market[224].

Natural language processing (NLP) further complements ML and DL by extracting actionable
insights from unstructured textual sources, including inspection reports, regulatory documents, and
consumer feedback, allowing for real-time identification of emerging risks and quality concerns.
Computer vision (CV) automates quality inspection and plays a critical role in valorization by
estimating the appropriateness of by-products for reuse in the production of functional ingredients,
dietary fibers, or bioactive compounds. Additionally, big data analytics integrates information from
agricultural practices, environmental conditions, and logistics operations to enhance food security by
predicting safety risks and supply chain disruptions[227].

The Internet of Things (IoT) strengthens these Al-based frameworks through real-time data
acquisition using smart sensors and RFID technologies, enabling continuous monitoring, predictive
maintenance, and end-to-end traceability. Al-powered sensors facilitate rapid detection of biological
and chemical contaminants, while robotics and automation reduce human intervention, improve
hygiene, and enhance the efficiency of sorting, processing, and valorization workflows (Figure3).
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Finally, blockchain technology provides immutable and decentralized records that reinforce
transparency and traceability through the supply chain. Together, these interconnected Al
technologies establish a robust, proactive, and sustainable food framework that enhances safety,
maintains quality, strengthens food security, and maximizes resource recovery within a circular
economy framework[225].
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Figure 3. Architecture of Al-enabled predictive food systems integrating multi-source data, intelligent analytics,
and real-time risk mitigation mechanisms.

Table 3. Environmental and sustainability impacts of Al-based methods in food systems.

Data Type Models and Model Application  Relevance to  Referenc
(Experimental / Methods Category in Food / Greenhouse e
Real-World) Agriculture Gas
Emissions /
Carbon
Footprint
Real-world k-means, ML Optimization  Direct impact: [228]
industrial data Canopy, models and reduces
from frozen Expectation- management energy
vegetable Maximization of production  consumption
production lines ~ (EM)+ k-Nearest processes to per ton of
(onion, Neighbors( achieve low- product and
cauliflower, KNN), Multi- emission carbon dioxide
broccoli) Layer output emissions
Perceptron
(MLP), Random
Forest, SVM
2,978 food images  Faster R-CNN+ CV & DL Calorie Indirect: [229]
with real volume GrabCut models estimation enables
and mass from food portion
annotations images control and

reduces over-
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serving, which
in turn leads
to a reduction
in food waste
2,380 images of 14  Faster R-CNN+ CV &DL  Non-contact Indirect: [230]
food types with MobileNetV3 models food weight Supports
varying portions estimation portion
and containers management
and reduction
of food waste
Top-view and Faster R-CNN + CV & DL Automated Indirect [231]
side-view food GrabCut models dietary (behavioral):
images monitoring Reduction in
over
consumption
and food
wastage
Real images of fish DL: VGGI19, CV,DL & Fish Indirect: the [232]
eyes SqueezeNet ML: ML freshness prevention of
kNN, Random models  classification  food spoilage
Forest (RF), and the
SVM, Logistic reduction of
Regression (LR), protein waste,
Approximate which in turn
Nearest contribute to
Neighbor lowering the
(ANN) overall carbon
footprint.
Real-world Partial Least ML Detection of Indirect [233]
industrial HSI data Squares models foreign (industrial):
(VNIR, SWIR, Discriminant materials in Enhancing
Fluorescence) Analysis (PLS- fresh-cut food safety
DA) + Successive vegetables while
Projections reducing the
Algorithm rejection of
(SPA), edible
Sequential products,
Forward thereby
Selection (SFS), contributing to
Interval Partial waste
Least Squares reduction

(iPLS)
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Large image MobileNetV2 CV & DL C(lassification Indirect: [234]
dataset of 32 fruits (two separate models of Reduction of
and vegetables models) fruit/vegetabl food waste
e type and through
ripeness optimized
harvest and
consumption
timing
Real NIR spectral Autoencoder Applicati Internal Indirect [235]
data from apples (AE) + IoT on of DL quality (industrial):
integration models control Minimization
(Soluble of
Solids measurement
Content) errors and
product
rejection
Real HSI data CNN, LSTM, ML & DL Vegetable Indirect: [236]
from spinach and CNN-LSTM + models freshness Reducing
Chinese cabbage LR, RF, SVM assessment  spoilage along
the supply
chain
Real-world Reinforcement RL + ML Monitoring Direct and [237]
agricultural and Radial Gaussian ~ models  food security critical:
ecosystem Encoder, and optimizes
monitoring data Adversarial sustainable sustainable
Boltzmann agriculture in food
Temporal rural regions production
Neural and ecosystem

Networks, and
machine
learning feature

extraction.

stability,
contributing to
waste
reduction and
lower
greenhouse

gas emissions

7.2. Application of ML Models

Machine learning (ML) significantly enhances food systems by enabling emerging checking,
prediction, and risk reduction tools that improve food safety, quality, and security. To clearly define
the contribution of ML, it is important to identifying between their respective functions and
challenges. In the food safety and quality control, ML offers automated and predictive approaches
that enhance and optimize traditionally labor-intensive processes. By analyzing large and complex
datasets, ML models can distinguish patterns and anomalies associated with contamination, spoilage,
pesticide residues, and microbial proliferation. This capability enables real-time monitoring and early
detection of potential hazards, supporting timely interventions and reducing the incidence of
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foodborne illnesses. Moreover, ML supports supply chain optimization by maintaining appropriate
storage and transport conditions for perishables, thereby preserving quality and reducing
postharvest losses. From a food security perspective, ML analyses of historical, environmental, and
consumer-generated data allow prediction of pathogen outbreaks and identification of supply chain
disruptions before threatening food availability [228].

Within food safety, supervised learning models such as support vector machines (SVMs),
decision trees, and artificial neural networks are widely employed to identify patterns associated with
microbial contamination, chemical residue persistence, and biotoxins. Through the analysis of
excellent-dimensional datasets and the extraction of informative properties, these models facilitate
early detection of contamination events and operate a crucial pattern in preventing foodborne
illnesses. For instance, in a study aimed at detecting contamination of the green mussel Perna viridis
with diarrhetic shellfish poisoning (DSP) toxins, a non-destructive technique based on near-infrared
(NIR) spectroscopy in the wavelength range of 950-1700 nm was developed. Then, spectral data were
subjected to second-derivative (D2) preprocessing to reduce noise and mitigate light scattering effects
before being input into an SVM model optimized using a Bayesian optimization algorithm (BO-
SVM). Results obtained from 50 repetitions of random testing demonstrated that the proposed model
obtained an amount accuracy of 99.97% in discriminating between contaminated and
uncontaminated samples, underscoring the exceptional capability of SVM-based models in detecting
biotoxins in seafood products [238].

While supervised learning approaches such as support vector machines (SVMs), decision trees,
and neural networks enable highly accurate and targeted contamination detection, particularly when
applied to labeled datasets, the complexity and volume of data within food systems often result in
the presence of unlabeled or partially labeled data. Under these circumstances, unsupervised
learning methods become essential, as they are capable of uncovering hidden patterns, detecting
anomalies, and identifying potential risks of contamination or spoilage without relying on prior
labeling [239].

Clustering algorithms, such as K-means, can identify data points that deviate from typical
patterns, thereby supporting preliminary detection of contamination or spoilage. For example, K-
means clustering was applied to microbial profiles and successfully identified bacterial
contamination with 95% accuracy. In addition, techniques such as Principal Component Analysis
(PCA) and clustering algorithms have been employed to analyze environmental sensor data related
to food storage, detecting deviations from normal conditions. In another investigation on perishable
foods, the DBSCAN algorithm was used to forecast spoilage risk based on temperature and humidity
data, contributing to the optimization of storage conditions and the reduction of spoilage rates [240].

Beyond their conventional applications in food safety and quality, clustering methods are
increasingly used to categorize foods based on nutritional content. For instance, a recent study
utilized K-means and DBSCAN to group foods according to protein, calories, fat, and carbohydrate
content, analyzing clustering performance using the Davies-Bouldin Index (DBI) and Silhouette
Score. Results indicated that K-means outperformed DBSCAN, with K-means (k = 3) achieving a DBI
of 0.694930 and a Silhouette Score of 0.538921, compared to DBSCAN (eps = 0.75, min_samples = 4)
which reached a DBI of 0.345466 and a Silhouette Score of 0.492831. These findings demonstrate that
K-means can provide more precise clustering, enabling tailored nutritional recommendations based
on individual requirements [240]. Finally, unsupervised learning applied to large-scale supply chain
datasets can anticipate risks associated with disruptions in food supply and distribution. Such
applications support informed decision-making and effective planning, thereby enhancing supply
chain resilience and contributing to overall food security.

7.3. Application of RL Models

Reinforcement learning (RL) plays a vital role in maintaining food safety, quality, and security
by enhancing decision-making processes in dynamic and intricate settings, such as food processing
and supply chain operations. In RL, agents learn through trial and error to achieve optimal outcomes,
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a characteristic that facilitates process automation, minimizes errors, and enhances operational
efficiency in the food products. By leveraging RL, systems can continuously adapt and refine their
strategies to maintain safety standards, improve product quality, and optimize food security[241].

In addition, reinforcement learning (RL) models, including Q-Learning and Deep Q-Networks
(DQN), perform a crucial function in enhancing food safety by extending compliance monitoring and
contamination detection. These algorithms can continuously observe processing equipment in real
time, identifying capability malfunctions or contamination risks before they compromise food safety
[237]. Predictive maintenance represents a key application of RL, ensuring that machinery operates
correctly and remains hygienic, thereby minimizing the likelihood of foodborne illnesses and
preventing contamination caused by equipment failure. RL-based training platforms also provide
food safety with the opportunity to practice responding to realistic contamination, enhancing their
ability to implement protocols effectively. Research indicates that applying RL in both training and
monitoring subjects can improve response times by approximately 30% and increase adherence to
safety regulations by 15%.[242]. Furthermore, RL algorithms facilitate automation in food recall
processes by providing rapid detection of contaminated products, which decreases public health
risks and the overall impression of recalls by nearly 25% ([237].

The application of RL not only helps maintain food quality but also significantly lowers energy
consumption for refrigeration and lighting, thereby reducing greenhouse gas emissions and the
carbon footprint associated with the supply chain. Studies have demonstrated that optimizing cold
storage processes with RL models can decrease CO, emissions by 15-20% while simultaneously
extending the shelf life of food products [243]. This combined advantage not only lowers operational
expenses but also significantly fosters the environmental sustainability of the food supply chain.

7.4. Application of DL Models

Deep learning (DL), as an advanced subfield of artificial intelligence, leverages multilayer neural
networks to model complex and nonlinear patterns within large-scale, heterogeneous, and multi-
source datasets. This capability has established deep learning (DL) as an essential tool for improving
food safety, quality control, and the security of the food supply chain. Frameworks like convolutional
neural networks (CNNs), recurrent neural networks (RNNs/LSTM), and generative models such as
generative adversarial networks (GANs) and variational autoencoders (VAE/TVAE) support the
examination of spectral, biological, physicochemical, image-derived, and temporal data, thus
facilitating effective risk monitoring throughout the entire food supply chain[241].

One of the critical applications of DL in food safety and quality assurance lies in the accurate
distinguishing of raw materials and the prevention of errors arising from misclassification, an issue
of particular importance for products with high nutritional and therapeutic value. In this regard, a
study focusing on medicine-food homologous (MFH) products demonstrated that reliance solely on
expert sensory evaluation may lead to inconsistency and subjective bias. To address this limitation, a
non-destructive framework combining near-infrared (NIR) spectroscopy with deep learning models
was proposed. To overcome the scarcity of labeled data, an NIR-GAN was developed to generate
high-quality synthetic spectral data. This framework was evaluated on a dataset comprising 47 MFH
plant species and achieved an identification accuracy of 98.57%, highlighting the strong potential of
DL and GAN-based augmentation in assurance the quality and safety of food-medicine raw
materials[244].

The importance of generative models and data augmentation in food safety has also been
prominently demonstrated in addressing spoilage in processed food products. In a recent
investigation involving chicken and pork sausages, a machine learning framework was developed to
classify spoilage severity based on sensory, physicochemical, and microbiological properties. To
address challenges related to limited sample size and class imbalance, a tabular variational
autoencoder (TVAE) was employed to create high-fidelity synthetic data, and its performance was
compared with conventional oversampling techniques such as SMOTE and ADASYN. the results
indicated that models trained on GAN/TVAE-generated synthetic data and evaluated on real-world
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samples achieved the highest predictive accuracy. Specifically, for chicken sausage spoilage
prediction, the Gradient Boosting model attained an accuracy of 97%, whereas for pork sausage, the
Random Forest model obtained the highest accuracy of 95%. These findings clearly demonstrate that
generative model-based data augmentation substantially enhances the robustness and
generalizability of spoilage prediction models [245]. Beyond predictive performance, the study also
ensured model transparency through the integration of explainable artificial intelligence (XAI)
techniques, including SHAP and LIME. Explainability analyses revealed that variables such as
sampling time, CO concentration, pH, and specific microbial species, particularly Lactobacillus
curvatus and Leuconostoc carnosum, were among the most impressive factors in spoilage prediction.
These insights underscore the role of DL and ML not only in accurate prediction but also in advancing
the understanding of spoilage mechanisms and supporting evidence-based decision-making[225].

While generative models and data augmentation enhance predictive performance by addressing
limited and imbalanced datasets, deep learning architectures such as Convolutional Neural
Networks (CNNs) complement these approaches by automatically extracting meaningful features
from image- and sensor-based data, further improving accuracy and reliability in food safety and
quality control applications. Their ability to automatically extract meaningful features from raw data
without manual feature engineering has rendered CNNs highly effective tools in food safety, quality
control, and supply chain security, particularly in contexts where traditional human-based
evaluation is limited in accuracy, speed, consistency, and scalability [227].

In the food safety, CNNs play a central role in automated visual inspection of food products,
providing the detection of contaminants, physical defects, and anomalies that are difficult or even
impossible to identify with the naked eye. By analyzing subtle variations in color, texture, shape, and
surface patterns, these networks facilitate the early detection of spoilage, microbial contamination, or
physical damage. result indicates that CNN-based systems can enhance the accuracy of surface defect
and anomaly detection to 95-99%, while substantially reducing human error in quality control
processes [246]. Recent advancements in CNN architectures, particularly the development of real-
time object detection models such as YOLO, have simultaneously improved accuracy and processing
speed in industrial applications. For example, an enhanced YOLOv5s model was developed by
replacing standard convolutional units with BottleneckCSP-small modules and integrating
depthwise-separable and partial convolutions (PConv). The incorporation of a Squeeze-and-
Excitation Network (SENet) attention mechanism during feature extraction further improved the
model’s adaptive channel weighting and precise localization of defective regions. The enhanced
model obtained classification accuracies of 98.3%, 98.6%, and 98.5% for healthy, damaged, and
blemished fruits, respectively. In comparison, a lightweight version without attention mechanisms
achieved an average accuracy of 95.6%, while the addition of SENet increased the mean accuracy to
96.5%. Moreover, the proposed model demonstrated improved stability, higher processing speed,
and faster convergence across Precision, Recall, and mean Average Precision (mAP) metrics,
highlighting the potential of lightweight CNNs for non-destructive inspection in the food industry
[247].

Beyond quality control, CNNs play a pivotal role in food fraud detection and product
authenticity verification. Analysis of packaging and labeling images using CNNs allows the
identification of mislabeling and counterfeit products. Reports indicate that CNN-based approaches
can achieve over 97% accuracy in detecting labeling discrepancies, thereby enhancing supply chain
transparency and consumer trust [248].

While CNNs are primarily applied to spatial and visual data, there is many challenges in food
system. One fundamental challenge in food security is accurately forecasting crop yields across
spatial and temporal scales, as production is directly influenced by climatic, environmental, and
managerial factors. Remote sensing data, due to its broad spatial and temporal coverage, provides a
valuable tool for continuous monitoring of climatic variables; however, these data are often noisy and
subject to inherent errors, which can compromise prediction accuracy. To address this, a hybrid
framework combining Ensemble Empirical Mode Decomposition (EEMD) and long short-term
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memory (LSTM) was developed to forecast the yields of four strategic crops, wheat, peas, lentils, and,
barley through all cites in Iran. the results demonstrated that EEMD-based noise reduction
significantly enhanced LSTM predictive performance for most crops. For barley, lentils, and peas, the
EEMD-LSTM combination markedly outperformed the baseline LSTM model. Specifically, for
lentils, prediction errors decreased by 15.7% in MAE, 13.8% in RMSE, and the Pearson correlation
coefficient (PCC) improved by 8%. Although the effect of EEMD on wheat yield prediction was
statistically smaller, RMSE was still reduced by approximately 42%, underscoring the importance of
noise reduction for model stability. Spatial analysis revealed geographic variability in the
framework’s effectiveness, with the greatest improvement for barley observed in northwestern Iran,
while gains were more limited in other regions, highlighting the necessity of accounting for regional
climatic characteristics in deep learning-based forecasting models [249].

Complementing predictive models based on visual and temporal data, effective food safety and
security management also relies on the systematic analysis of textual information generated by
regulatory, industrial, and consumer-related sources. In this regard, Natural Language Processing
(NLP), as a core branch of artificial intelligence, plays an increasingly important role in enhancing
food safety, food quality, and food security, particularly through the automated analysis of large
volumes of textual data. Such data include public health reports, regulatory documents, consumer
complaints and feedback, social media posts, food labels, and food composition databases. By
extracting meaningful knowledge from these heterogeneous and unstructured text sources, NLP
enables real-time monitoring of food safety hazards, early identification of emerging risks, and
improved compliance with safety regulation throughout the food supply chain [224]. From a food
quality perspective, NLP facilitates continuous monitoring of consumer perceptions associated with
sensory attributes, including taste, texture, odor, and material packaging, thereby supporting quality
assurance processes and alignment with market expectations and regulatory requirements.

Natural language processing (NLP) has become an essential tool in modern food systems due to
the massive volume and continuous expansion of food-related data. Traditional approaches to food
categorization and nutritional quality evaluation rely heavily on manual processes, which are not
only labor-intensive and time-consuming but also prone to inconsistency. To address these
limitations, a large-scale study applied pre-trained language models in combination with supervised
machine learning techniques to automatically classify food products and estimate their nutritional
quality using label information from more than 91,000 items collected from the University of Toronto
Food Label Information and Price Databases in 2017 and 2020. Food products were categorized
according to Health Canada’s Table of Reference Amounts (TRA), encompassing 24 main categories
and 172 subcategories. Nutritional quality assessment was conducted using the Food Standards
Australia New Zealand (FSANZ) nutrient profiling model, with food labels manually annotated and
validated by trained nutrition experts. Unstructured textual information from food labels was
transformed into compact semantic representations using a customized pre-trained Sentence-BERT
model. These representations were then utilized by supervised learning algorithms, including Elastic
Net, k-nearest neighbors, and XGBoost, to perform both multiclass classification and regression
tasks. Among the evaluated methods, the combination of pre-trained language embeddings with
XGBoost achieved outstanding performance, reaching classification accuracies of 0.98 for TRA major
categories and 0.96 for subcategories, significantly surpassing traditional bag-of-words models. In
predicting FSANZ nutritional scores, the proposed approach obtained an R? value of 0.87 and a mean
squared error (MSE) of 14.4, outperforming bag-of-words-based models, which showed lower
predictive accuracy. Although models relying on structured nutrition facts yielded the highest
overall performance, pre-trained language models demonstrated stronger generalizability when
applied to external datasets. [250].

7.5. Application of CV Models

Computer Vision (CV) is a key artificial intelligence technology that plays an increasingly
important role in improving food safety, quality, and security throughout the food supply chain. By
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integrating advanced imaging techniques with machine learning algorithms, CV-based systems
enable automated visual inspection and real-time monitoring in various stages of food production
and processing. These systems can identify contaminants, physical defects, and quality irregularities
in fruits, vegetables, and processed food products with high precision. As a result, computer vision
enhances inspection efficiency and consistency while minimizing reliance on manual labor, reducing
human error, and lowering operational costs[251].

The capabilities of CV in automated inspection have been demonstrated across multiple food
matrices. For instance, in a study analyzing chicken sausage quality, imaging analysis was employed
alongside conventional proximate, biochemical, and microbiological assays to predict critical quality
parameters. Using MATLAB-based image analysis and calibration models developed in The
Unscrambler X software, traits such as color indices (L*, a*, b*), pH, drip loss, cooking loss, moisture,
dry matter, crude protein (CP), ether extract, ash, thiobarbituric acid reactive substances (TBARS),
peroxide value (POV), free fatty acid (FFA), and microbial counts (total coliforms, total viable count,
total yeast and mold count) were evaluated. Medium correlations were observed between L* values
and a* (r = 0.28), b* (r = 0.29), and pH (r = 0.31), while CP exhibited a moderate correlation (r = 0.29)
with a*. Although predictive accuracy for a*, CP, and ether extract was lower, the study demonstrated
that image-based technologies could potentially replace conventional laboratory analyses in meat
processing for rapid and cost-effective quality assessment [252].

Similarly, CV has been successfully integrated into the inspection of frozen fruits. A study on
strawberries stored in cold rooms revealed that slowed ripening could promote fungal growth,
reducing both edibility and nutritional quality. Using surface texture and bright-field imaging with
the MTMID segmentation algorithm and SSFI-YOLO deep learning model, fungal contamination was
detected with mean Average Precision (mAP) of 71%, a precision confidence of 84%, a precision-recall
curve of 70%, and an F1 score of 64%. The model could detect individual seeds in just 11.3 ms under
optimal lighting conditions. Subsequent microbial and molecular analyses, including PCR-based ITS
testing, confirmed the presence of Botrytis cinerea. ICP-MS analysis demonstrated significant
nutritional degradation in mouldy strawberries, with magnesium decreasing from 348.104 mg/100 g
to 100.833 mg/100 g, potassium from 684.011 mg/100 g to 520.107 mg/100 g, and calcium from 96.243
mg/100 g to 38.471 mg/100 g. These results highlight how CV-enabled inspection not only identifies
visual defects but also serves as a proxy for underlying biochemical and microbial changes[253].

In addition to conventional RGB-based inspection systems, advanced computer vision
approaches such as hyperspectral imaging (HSI) have further expanded the capability of automated
food quality analyzing by enabling the non-destructive evaluation of internal and compositional
attributes. In a recent study on pumpkin quality assessment, hyperspectral imaging was successfully
employed to rapidly predict moisture content, starch content, and sensory quality of pumpkin slices.
Using Multiple Scatter Correction (MSC) preprocessing combined with Ridge regression, the
developed models achieved high predictive performance, with coefficients of determination for
cross-validation (R%cv) of 0.968 for moisture content and 0.869 for starch content, and corresponding
root mean square errors (RMSEcv) of 1.142 and 0.365, respectively. Furthermore, the predicted
moisture and starch values enabled indirect estimation of sensory quality, yielding a strong
correlation of 0.934 with sensory scores obtained from cooking experiments. Spatial distribution
maps of moisture, starch, and sensory quality were also generated, demonstrating the ability of CV-
enabled hyperspectral systems to capture heterogeneity and spatial variation in food quality
attributes. These findings highlight the potential of CV-based imaging technologies to support real-
time, accurate, and non-invasive monitoring of food quality, complementing on-line inspection
systems and reducing reliance on labor-intensive laboratory analyses[254].

Beyond product inspection, CV systems facilitate continuous, real-time monitoring of
production environments, ensuring hygiene, safety, and regulatory compliance. Guo et al. [255]
reported grading accuracies of 95.0% for Medjool date surface quality and 98.6% for oyster shape
using embedded machine vision, outperforming manual inspection. CV-integrated cameras can
further monitor equipment operation and hygiene standards, providing immediate feedback for
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corrective actions, thus reducing contamination risks and preventing substandard products from
entering the market.

7.6. Integration of Internet of Things (IoT) and Robotics

Within modern food systems, the Internet of Things (IoT) serves as a critical enabler for data-
driven artificial intelligence applications by providing continuous streams of sensory information
from the physical environment. Through the deployment of smart sensors and RFID-based
technologies, IoT infrastructures capture real-time conditions such as temperature and humidity
across storage, transportation, and processing stages. This uninterrupted flow of data supports
proactive decision-making, helping to prevent quality deterioration, microbial growth, and product
losses before they occur.

The importance of IoT becomes even more pronounced in emerging food processing techniques,
including cold plasma and pulsed light treatments, where precise control of processing conditions is
essential. In such systems, sensor outputs are directly linked to Al-based control mechanisms,
allowing operational parameters to be dynamically adjusted during processing. For example, real-
time measurements of plasma intensity can trigger automated modifications to treatment settings,
ensuring effective microbial inactivation while maintaining the sensory and nutritional integrity of
food products.[241].

The combination of advanced sensors and Al algorithms also plays an essential role in the real-
time detection of microbial contamination. Smart sensors powered by Al are capable of identifying
pathogens such as Salmonella and E. coli, allowing unsafe products to be intercepted before reaching
consumers and thereby significantly reducing the risk of foodborne illnesses. The integrating
advanced sensors with machine learning models can accurately predict food quality and safety. For
example, a study employing TinyML and a multispectral sensor (AS7265x) reported that neural
network models could predict the shelf life of freshly packaged dates with a coefficient of
determination of R?>=0.951, while also estimating moisture (R?=0.941), tannin (R?>=0.909), and total
soluble solids (R?=0.893) with high accuracy. The study further indicated that vacuum packaging and
modified atmosphere packaging containing 20% CO, could extend product shelf life at 5 °C up to 43
+2.39 days, highlighting the capacity of intelligent systems to optimize both the safety and quality of
food products[256].

In addition, IoT systems significantly increase traceability and transparency across the food
supply chain, from table to fork, enabling the rapid distinguishing and isolation of contaminated
batches, an essential requirement for food safety and security. Blockchain technology enhances IoT
by enabling a decentralized and tamper-proof ledger that ensures secure data recording and
transaction management across the supply chain. By recording every transaction and movement of
food products on a distributed ledger, blockchain enables end-to-end traceability, including detailed
information on product origin, processing history, and handling conditions, thereby facilitating the
swift identification of contamination sources. Implementations of blockchain- and RFID-based
traceability systems in livestock production have demonstrated the capacity to process over 1,100
transactions per second, with response times of approximately 0.21 seconds for 2,500 users and only
marginally higher delays (0.32-0.38 seconds) for 5,000 users. These performance results confirm the
high efficiency of such systems in rapidly identifying contamination sources while simultaneously
enhancing consumer trust [257]. Moreover, blockchain prevents food fraud through tamper-proof
product records, enables real-time environmental monitoring via IoT integration, improves supply
chain coordination, supports efficient recall management, enhances consumer trust through
transparent access to product information, and facilitates secure data sharing and collaboration
among stakeholders.

Robotics and Al-driven automation perform an essential role in food valorization, precision
agriculture, and quality assurance. Intelligent robotic systems are applied in targeted pesticide
spraying, automated harvesting, and precision processing, reducing human contact and
contamination risks. In food valorization, Al-powered robotics ensure consistent quality and safety
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through automated sorting, grading, and processing of by-products, while smart sanitation systems
monitor hygiene compliance in processing environments. Advances in robotics and additive
manufacturing have also enabled the production of customized and multi-colored foods. Studies on
SCARA robotic arms demonstrate that integrating a reversal valve synchronized with robotic arm
movements in SCARA-based 3D food printers enables collaborative two-color printing with high
positional accuracy. The results showed that post-processing printed pancakes at 180 °C for 20
minutes led to only ~45% quality loss, highlighting the feasibility of multi-colored 3D-printed foods
such as customized cookies and illustrating the convergence of Al, robotics, and 3D printing in food
innovation [258].

Furthermore, by optimizing resource utilization, minimizing food loss and waste, reducing
energy consumption, and improving logistics efficiency, the integrated use of IoT, Al, robotics, 3D
printing, and blockchain directly lowers greenhouse gas emissions across the food supply chain,
thereby significantly decreasing the overall carbon footprint of food production and distribution
systems.

8. A Global Study on the Challenges in Implementation of Policy Frameworks
and Regulations

The adoption of energy efficient and sustainable post-harvest packaging technol-ogies has been
increasingly influenced by advancements in nanotechnology, particularly in applications aimed at
preserving fresh produce. Nanoparticle based packaging enhances antimicrobial activity and barrier
properties, improving shelf life and decreasing post-harvest losses. However, global adoption is
limited by regulatory and safety concerns. Nanomaterials such as silver, zinc oxide, and titanium
dioxide can migrate into food under specific conditions (for example, temperature, pH, packaging
composition), posing risks of bioaccumulation, oxidative stress, and long-term cytotoxicity.
Consequently, comprehensive toxicological analyzing, strict approval procedures, and adherence to
good manufacturing practices (GMP) are required, delaying commercialization. Regulatory
fragmentation further impedes integration of nano enabled packaging into global supply chains.
While the United States Food and Drug Administration (FDA) and the European Food Safety
Authority (EFSA) have safety frameworks, no globally harmonized definitions, standardized
analyzing, or labeling requirements exist. For instance, the European Union (EU) mandates
nanomaterial labeling, whereas other regions rely on case-by-case approvals, creating uncertainty for
manufacturers, limiting consumer awareness, and constraining international scalability[259].

Combining nanoparticle-based packaging with Al and IoT monitoring can enhance its
effectiveness. Real-time sensor data enables dynamic environmental control, spoilage risk prediction,
and storage optimization. This convergence allows post-harvest management to transition from static
preservation to data driven, responsive systems, improving shelf life, product quality, regulatory
compliance, and sustainability across global food chains [241].

Despite increasing policy attention to Al in food safety and sustainability, effective
implementation remains constrained by interrelated technical, institutional, and regulatory barriers.
Al systems depend on high-quality, standardized, and representative data; however, data scarcity
and fragmentation, particularly in developing regions, reduce model robustness and weaken
regulatory oversight. Limited algorithmic generalizability, difficulties in integrating Al with legacy
food safety infrastructures, and the opacity of deep learning models further hinder compliance with
requirements for accountability, auditability, and legal liability. These technical challenges are
reinforced by unresolved ethical and legal issues, including data privacy and ownership, algorithmic
bias, and inadequate frameworks for informed consent. At the same time, high implementation costs,
uncertain returns on investment (ROI), and shortages of skilled personnel constrain institutional
capacity, widening the gap between global Al policy ambitions and local-level adoption [260]. Al
deployment also entails environmental trade-offs. Energy-intensive model training, data center
operations, and hardware production increase carbon dioxide (CO,) emissions, while Al-enabled
optimization of resource use, logistics, demand forecasting, and food waste reduction can mitigate
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environmental pressures and partially offset these impacts. Addressing these challenges requires Al
systems to comply with national and international food safety regulations (for example, FDA Food
Safety Modernization Act (FSMA) and the General Data Protection Regulation (GDPR)) while
ensuring ethical, secure data handling. Al must be transparent, traceable, and interpretable, with
human oversight, to support regulatory decision making without replacing accountability.
Neglecting these requirements risks legal, operational, and ethical failures, undermining regulatory
credibility and public trust in Al driven food systems [225].

9. Future Horizons: Leveraging Energy-Efficient Technologies for a Sustainable
Food Industry

Sustainable food systems of the future are expected to evolve through the meaningful
integration of data-driven intelligence and novel material-based solutions, and energy efficiency
within a cohesive operational framework. Post-harvest losses remain among the most energy-
inefficient parts of the food supply chain, where inefficiencies in storage, packaging, monitoring, and
decision-making directly translate into resource waste and intensified environmental pressures.
Addressing these challenges requires a decisive paradigm shift from isolated technological
interventions toward integrated, intelligent, and energy-aware systems. Within this future
perspective, artificial intelligence serves as the central intelligence governing energy and resource
flows across the food system. While Al has demonstrated substantial potential in improving food
safety, quality assessment, and supply chain optimization, its long-term effectiveness depends on
overcoming fundamental structural limitations. Fragmented data ecosystems, non-standardized
sensor outputs, and limited interoperability with legacy infrastructures not only undermine model
reliability but also increase energy consumption through redundant data processing. Consequently,
future research must prioritize the development of standardized, interoperable, and low-energy data
architectures, enabling Al-driven systems to deliver accurate, energy-optimized decisions in complex
post-harvest environments. In this context, edge Al and distributed learning frameworks represent
critical research directions for reducing reliance on centralized, energy-intensive computation while
preserving real-time responsiveness.

Beyond computational efficiency, the scientific robustness and sustainability of Al-enabled food
systems depend on explainability, fairness, and decision reliability. Black-box models pose significant
risks in high-stakes post-harvest applications, where biased or erroneous outputs may trigger
unnecessary interventions, increase energy demand, or compromise food quality. Advancing
explainable artificial intelligence (XAI) approaches that explicitly link model predictions to physical,
biological, and material processes is therefore essential. Such transparency supports trustworthy,
verifiable, and energy-conscious decision-making. Moreover, longitudinal studies assessing the
cumulative impacts of Al adoption on energy consumption patterns, operational practices, and
sustainability outcomes remain a critical research gap.

Within this intelligent ecosystem, sustainable packaging technologies should not be viewed as
standalone solutions but rather as integral components of Al-driven decision-support systems.
Future packaging systems function as active physical interfaces that both generate high-resolution
environmental and quality-related data and respond dynamically to Al-guided control strategies.
This shift enables a transition from rigid, energy-intensive preservation protocols toward adaptive,
condition-based management approaches, in which cooling intensity, atmospheric control, and
protective interventions are applied only when warranted by the actual physiological state of the
product. The convergence of nanotechnology, smart materials, and embedded sensing capabilities
further strengthens this integration, transforming packaging into a fully embedded cyber—physical
subsystem within the food supply chain. In such systems, Al-guided decisions simultaneously
minimize product losses and optimize energy use across storage, transportation, and distribution
stages. Packaging thus evolves from a passive energy consumer into an active regulator and reducer
of energy demand.
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Additionally, the convergence of artificial intelligence, sustainable packaging, and material
innovation must be situated within the framework of a smart circular economy. In this paradigm,
material selection, packaging design, storage strategies, and logistical decisions are informed by data-
driven intelligence and lifecycle energy assessments. Future research priorities should therefore
emphasize industrial scalability, comprehensive cost-benefit analyses, and rigorous evaluation of
energy impacts to ensure that technological innovations translate into tangible sustainability gains
beyond the conceptual level.

Ultimately, In the long term, the future of the food industry is centered on the creation of
integrated, smart, and energy-efficient food systems. In these systems, artificial intelligence serves as
the primary decision-making tool, while sustainable packaging acts as the practical implementation
component. These advancements have the potential to significantly decrease post-harvest losses,
reduce energy consumption, and improve global food security, all while contributing to the
achievement of the United Nations Sustainable Development Goals.

Conclusions

The global food system is increasingly constrained by rising energy demands, population
growth, and climate-induced environmental pressures, necessitating systemic and mechanistic
interventions to ensure sustainability, productivity, and food security. In primary agriculture, the
substitution of fossil fuels with renewable energy parts, including solar, biomass, and Agri-voltaic
systems, facilitates mechanized operations while concurrently mitigating greenhouse gas emissions,
thereby establishing a foundation for downstream energy optimization.

In energy-intensive sectors such as livestock, dairy, and meat processing, the implementation of
smart energy management systems, automation, and circular economy strategies enhances feed-to-
product conversion efficiency, enables waste heat recovery, and reduces operational expenditures.
These measures usually improve environmental performance and strengthen supply chain resilience
against energy volatility. For horticultural commodities, post-harvest losses are addressed through
the integration of precision agriculture, renewable-powered storage, and advanced packaging
technologies, which preserve quality, extend shelf life, and synchronize with energy-efficient
logistics.

Digital innovations, including artificial intelligence, the Internet of Things (IoT), blockchain, and
machine learning (ML), serve as integrative mechanisms that connect production, processing, and
distribution, enabling real-time monitoring, predictive modeling, and adaptive resource allocation
across the supply chain. Nevertheless, the scalability and effectiveness of these interventions remain
contingent upon high capital requirements, technical complexity, regulatory constraints, and unequal
stakeholder access, highlighting the critical role of coordinated policy frameworks, standardized
implementation protocols, and capacity-building initiatives.

Therefore, the mechanistic integration of renewable energy, smart management practices, and
digital technologies provides a coherent pathway toward low-carbon, resilient, and efficient food
systems. Future research should focus on quantifying the environmental, economic, and social
impacts of integrated interventions, developing scalable and cost-effective solutions, and optimizing
trade-offs between food and energy production. Through aligned technological innovation,
regulatory support, and multi-stakeholder collaboration, the global food sector can concurrently
achieve productivity, sustainability, and equity, thereby addressing the dual imperatives of climate
change mitigation and food security for a growing population.
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