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Abstract: In today’s landscape, digital technologies hold immense potential in tackling challenges
associated with food sustainability. This study aims to contextualize a broader investigation of food
sustainability and digitalization within the agricultural sector. Its objective is to explore the influence
of digital technologies on sustainable food production and consumption, particularly examining
relationships among digital technologies, municipal waste, agricultural output, nitrogen emissions,
methane emissions from agriculture, and Goal 12 Responsible Consumption and Production (SDG12).
Through the use of Structural Equation Modeling, the empirical investigation scrutinizes the rela-
tionships between digital technology use and critical variables linked to food sustainability in a
longitudinal analysis. The results highlight the significant impact of extensive digital technology use
on municipal waste, sustainable production, and consumption, indirectly influencing greenhouse gas
(GHG) emissions. Empirical research findings reveal a negative influence of digital technologies on
responsible consumption and production (path coefficient −0.349, p values < 0.001), suggesting an
impact of digital technologies on diminishing sustainability in consumption and production. The
relationship between digital technologies and municipal solid waste is also negative (path coefficient
−0.360, p values < 0.001), suggesting that the use of digital technologies can contribute to reducing
the amount of municipal solid waste. Digitalization has the potential to improve the sustainability
of supply chains by reducing resource consumption and greenhouse gas emissions associated with
production and distribution operations.

Keywords: sustainable food production; sustainable food consumption; agricultural output; digital
technologies; greenhouse gases; solid waste

1. Introduction

Demographic changes, such as population growth and rapid urbanization, exert addi-
tional pressure on existing food and agricultural resources [1]. The increased demand for
food requires sustainable approaches to ensure food security and protect the environment.
Furthermore, climate change affects the availability and quality of natural resources essen-
tial for food production, emphasizing the need for adaptation and innovation in agriculture.
These complex conditions call for integrated approaches and innovative solutions to ensure
the sustainability of food systems and address future challenges. A complete transfor-
mation of agriculture is essential to address current challenges and ensure sustainable
productivity growth. Evaluating and implementing new and advanced production tech-
nologies can play a crucial role in this transformation, including sustainable consumption
patterns and GHG emissions [2,3].

Digital technologies can play a crucial role in addressing issues related to food sus-
tainability. Digital technologies can assist in monitoring and efficiently managing food
supply chains, thereby reducing food losses and waste. Automation can improve produc-
tion process efficiency, contributing to resource consumption reduction and minimizing
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environmental impact. Biotechnologies can enhance crop quality, ensuring sustainable
food production and resilience to climate change [4]. Therefore, investments in research
and development of these technologies could bring significant benefits for promoting
sustainable food systems worldwide.

The implementation of digital technologies in the supply chain, such as artificial in-
telligence (AI), Big Data (BD), Internet of Things (IoT), and cloud computing (CC), can
enhance its transparency and visibility, allowing involved parties to monitor and manage
the flow of goods and information more efficiently [5–9]. This enhancement can lead
to better collaboration among supply chain partners and improve communication and
coordination among them. Moreover, digital technologies can facilitate the implementa-
tion of sustainable practices in the supply chain, such as reducing carbon emissions and
minimizing environmental impact through optimizing transportation routes and reducing
waste [9].

Sustainable agriculture addresses environmental, social, and economic aspects with
advanced technology improving efficiency and sustainability while reducing environmental
impact and fostering economic opportunities [10]. Digital technologies offer solutions to
optimize resource use, but enhancing understanding and acceptance of these tools is crucial
for a sustainable transition [11–14].

This paper aims to explore the impact of digital technologies on food production and
consumption with a specific focus on assessing their effects on municipal waste, which
predominantly arises from food consumption, as well as nitrogen and methane emissions,
primarily associated with agriculture. Furthermore, it examines their implications for
sustainable consumption and production in alignment with Sustainable Development Goal
12 (SDG12) [9]. Identified research gaps encompass the absence of detailed longitudinal
analyses regarding the impacts of digital technologies on food sustainability, encompassing
municipal waste, agricultural GHG emissions, and SDG12. Moreover, a thorough explo-
ration of the intricate interconnections among food production, consumption, and critical
variables linked to agricultural sustainability is warranted.

The originality of this study resides in its utilization of Structural Equation Modeling
to assess the correlations between the adoption of digital technologies and critical variables
associated with overall and food sustainability. This research constitutes a significant
contribution to comprehending how digital technologies can shape sustainable food pro-
duction and consumption, mitigate food wastage, and furnish valuable insights for the
development of policies and practices aimed at advancing food sustainability in the future.

The structure of this paper consists of six consecutive sections. The introduction
presents the purpose and objectives of the research, while the literature review section
and hypothesis development explore previous research and theoretical foundations. The
materials and methods section describes the research methodology, and the results section
presents the findings obtained. The discussion section analyzes the results and their
implications, while the conclusions section summarizes the findings and contributions of
the study.

2. The Literature Review
2.1. Digitalization in Agriculture

Sustainable agriculture must address not only environmental aspects but also social
and economic ones. The appropriate use of advanced technology can improve the efficiency
and sustainability of agricultural processes while simultaneously reducing environmental
impact and creating economic opportunities for agricultural communities. Integrating
ecosystem services and human capital into agricultural practices can promote the sustain-
able use of natural resources and contribute to increasing the resilience of agricultural
systems to climate change and other challenges in producing food sustainably [10].

The issue of resource efficiency in the agri-food sector becomes increasingly persistent
as the food needs of a growing population are accompanied by urbanization and changes
in dietary habits [11]. Digital technologies offer promising solutions to optimize resource
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use in agriculture, but it is essential to improve understanding and acceptance of these tech-
nologies to ensure an efficient and sustainable transition to resource-efficient agricultural
practices [12,13]. Education and access to suitable information and technological resources
are critical elements in promoting the use of digital technologies for more sustainable and
efficient agriculture [14].

Emerging AI, BD, and IoT can optimize agricultural processes, enable data-driven
decision making, and effectively manage agricultural resources [15,16]. Concerning the
production of high-protein foods, integrating digital technologies can improve the quality,
yield, and sustainability of production processes. Optimizing protein contributions from
animal and plant sources can help reduce excessive resource consumption and minimize en-
vironmental impact while promoting a balanced and healthy diet for global consumers [17].

Integrating digital technologies into agriculture offers significant opportunities for
improving the performance and sustainability of the agricultural sector [18]. Digital tech-
nologies such as IoT and CC allow primary producers to monitor and manage crops and
animals more efficiently, optimize resource use, and make more informed decisions. For
example, IoT sensors can provide real-time information about soil and water quality and
plant and animal health, enabling primary producers to respond more quickly to changes
in environmental conditions and avoid resource waste [19]. Moreover, the use of digital
technologies can help reduce the use of pesticides and chemical fertilizers, thereby reducing
environmental pollution and risks to human health [20].

Precision agriculture can lead to more efficient use of resources and reduce environ-
mental impact across the entire agri-food chain [21,22]. The potential benefits of these
technologies depend on several factors, including the efficiency of implementation and
the specific context of each region or agricultural sector [23]. Empirical studies are essen-
tial to assess the real impact of these technologies on the environment and to develop
appropriate implementation strategies to maximize benefits and minimize adverse effects.
Digital technologies are not a complete solution for sustainable agriculture, and integrated
approaches that include agroecological principles are needed to ensure sustainable and
environmentally friendly agricultural production [24].

Precision agriculture and innovative technologies can improve the efficient use of
natural resources and reduce negative environmental impacts [25]. By utilizing these
technologies, primary producers can apply agricultural inputs more precisely, thus reducing
waste and pollution. For example, through the use of AI and IoT, primary producers can
assess crop health and identify problem areas, allowing them to apply agricultural inputs
only where necessary [26,27]. Moreover, IoT sensors can monitor soil moisture and other
essential parameters, allowing primary producers to apply water and other inputs more
efficiently, thereby reducing water consumption and avoiding over-irrigation [28].

Digital technologies enable more precise and efficient management of agricultural
resources and processes. The development of agricultural databases and the use of data
analysis tools can help primary producers collect and interpret information about soil
conditions, weather, plant health, and other relevant factors, enabling them to make
better-informed decisions [29]. These developments may include, for example, adjusting
water and fertilizer applications based on the specific needs of crops and local climatic
conditions, thereby reducing resource waste and environmental impact. Managing the
interplay between soil, crop management techniques, and climatic factors can enhance
agricultural productivity while reducing the likelihood of soil degradation and erosion [19].
Digital technologies can contribute to monitoring and reporting carbon emissions from
the agricultural sector and implementing practices to reduce the impact of these emissions
on climate change [20]. Therefore, integrating digital technology into agriculture has
the potential to improve the sustainability and efficiency of the agricultural sector while
also contributing to environmental protection and achieving climate change mitigation
goals [21].

The European Union, through the Common Agricultural Policy and other initiatives,
encourages the adoption of digital technologies in agriculture to enhance the efficiency,
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sustainability, and competitiveness of the European agricultural sector [30]. Collaboration
among EU member states in digital agriculture demonstrates the shared desire and com-
mitment to explore and harness the technological potential to address current and future
challenges facing European agriculture. Through these collective efforts, the EU can play a
crucial role in promoting more innovative, more sustainable, and resilient agriculture [21].

The implementation of digital technologies in sustainable food production and con-
sumption brings forth a series of particularly significant economic implications. These
technologies can revolutionize the entire food chain, from production to consumption,
bringing considerable benefits but also challenges that require careful approaches and
economic adaptability.

Regarding food production, digital technologies can improve efficiency and produc-
tivity in various agricultural sectors. The use of IoT (Internet of Things) sensors and
monitoring technologies allows primary producers to collect real-time data on soil condi-
tions, humidity, temperature, and other critical factors for plant and animal growth. This
information can be used to optimize resource utilization, reduce waste, and increase yields,
thereby contributing to the economic growth of farms.

Digital technologies implemented in agriculture can play a significant role in the
economic advancement of developing countries [12,31]. By adopting innovative techno-
logical solutions, such as smart irrigation systems, using drones for crop monitoring, and
digital platforms for access to agricultural information, these countries can improve the
productivity and quality of agricultural production, thereby contributing to economic
growth and poverty reduction in rural areas [32]. Digital technologies can improve primary
producers’ access to markets, facilitate trade, and support the economic development of
rural communities [33,34]. Online platforms and mobile applications facilitate access to
information about food products, including origin, production process, and environmental
impact [24]. Through these platforms, primary producers can receive real-time market
information, including pricing data for their produce. By having access to such information,
primary producers can make informed decisions about when and where to sell their prod-
ucts, ultimately leading to increased returns and improved economic viability [24,30]. Also,
primary producers can receive payments directly to their mobile phones, bypassing the
need for intermediaries and reducing transaction costs. This option not only improves the
financial inclusion of small-scale primary producers but also enhances transparency and
efficiency within the agricultural market [15]. These technologies can influence consumer
purchasing preferences towards more sustainable and local products, creating increased
demand for ecological and organic products [15,33].

However, the implementation of digital technologies in sustainable food production
and consumption is not without economic challenges [18]. The initial costs for implement-
ing these technologies can be high, and their adoption may require additional resources
for training and personnel. There is a risk that these technologies may exacerbate eco-
nomic disparities between large primary producers and small primary producers or local
entrepreneurs who may have limited financial resources to invest in advanced technolo-
gies [9].

The implementation of digital technologies in sustainable food production and con-
sumption has complex economic implications with a range of opportunities and chal-
lenges [10]. With a strategic approach and appropriate investments, these technologies can
contribute to increasing the efficiency and sustainability of the entire food system while
also providing long-term economic and social benefits [11].

Table 1 provides a comprehensive overview of the implementation of digital technolo-
gies, along with their associated benefits and obstacles, to facilitate a clearer understanding
of the potential benefits and challenges of adopting digital technologies in agriculture and
the agri-food system.
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Table 1. Benefits and obstacles of digital technology implementation.

Digital Technology
Implementation Benefits Obstacles

Smart irrigation systems,
drones for crop monitoring,

and digital platforms for
access to agricultural
information [31,32]

- Improved productivity and quality of
agricultural production;

- Economic growth and poverty reduction in
rural areas;

- Enhanced access to markets and trade facilitation.

- Initial costs of implementing
digital technologies;

- Technical complexity
of adoption.

IoT, AI, drones, and
autonomous vehicles [35,36]

- More efficient monitoring and management of crops
and livestock;

- Optimization of resource utilization;
- Data-driven decision making;
- Timely preventive measures;
- Enhanced efficiency and sustainability of

agricultural production;
- Contribution to food security and resilience to

future challenges.

- Data security concerns;
- Initial investment costs;
- Technical capabilities and

infrastructure limitations.

Integration of digital
technologies into the agri-food

system [37,38]

- Process optimization and cost reduction;
- Improved efficiency across the food supply chain;
- Transparent and safe supply chain management;
- Promotion of socially and environmentally

sustainable practices;
- Increased competitiveness and resilience of the

food system.

- Data privacy concerns;
- Technical complexity

of integration;
- Training and

adoption challenges.

Adoption of digital
technologies during the

COVID-19 pandemic [38–40]

- Enhanced resilience of the food supply chain
during crises;

- Increased interest and investment in digital solutions.

- Risks related to
data security;

- Costs associated
with implementation;

- Technical
expertise requirements.

Integrated digital technologies
in agriculture [34,41–44]

- Production optimization and resource
consumption reduction;

- Improvement in product quality and
process efficiency;

- Increased operational efficiency;
- Enhanced monitoring and management of

natural resources;
- Support for efficient and sustainable production;
- Informed and precise decision making;
- Cost reduction;
- Minimized environmental impact;
- Enhanced access to information and

educational resources.

- Initial costs and technical
complexity of adoption;

- Resistance to change within
the industry;

- Skills gap and training
needs for
primary producers.

Source: Developed by the author based on [31–44].

2.2. Sustainability and Innovation in the Food System

Projections regarding the world’s population growth and income rise indicate a signif-
icant increase in global food demand in the future [45]. By 2050, the world’s population
is expected to grow by over 30% compared to the current population [4]. Globally, the
consumption of meat and dairy products is projected to increase by 173% and 158%, re-
spectively, between 2010 and 2050 [45]. This surge in demand puts considerable pressure
on essential natural resources for food production, such as water, fertile land, and energy.
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Climate change poses additional risks to global food security, with potentially severe
consequences for the environment and society [16,46].

The growing demand for high-quality and nutritious food exerts additional pressure
on the global agri-food system, straining natural resources and ecosystems [47,48]. Agricul-
tural expansion can lead to deforestation and the destruction of natural habitats, affecting
biodiversity and contributing to the loss of vital ecosystem services [49]. Increased water
consumption in agriculture can deplete freshwater resources and exacerbate water crises
in different regions. GHG emissions from agriculture contribute to climate change and
climatic instability, negatively impacting food production and food security [4].

The importance of the agri-food sector is highlighted by its extensive, diverse im-
pact on our lives and economies. From agricultural production to food distribution and
consumption, this sector plays a crucial role in providing food, supporting communities,
and shaping cultural identity [50]. The massive engagement of the population in this
sector underscores its importance and significant influence on labor market dynamics
and socio-economic development [51]. In the context of climate change and other global
challenges, ensuring sustainable agriculture and a food system becomes a crucial priority
for promoting human well-being and protecting the environment. Wijerathna-Yapa and
Pathirana [38] suggest attention and investment in developing and improving the agri-food
sector to meet the demands and challenges of the future.

In light of increasing concerns about human health, consumers and policymakers are
beginning to focus on alternative protein sources, helping reduce environmental pressure
and promoting more equitable food systems [52]. For example, plant-based crops such as
legumes and seeds require less water and land compared to animal meat production, and
microalgae and insects can be provided with optimal growth conditions without requiring
large amounts of land or water resources [53]. Thus, diversifying protein sources and pro-
moting sustainable alternatives can contribute to better-balanced human diets and reduce
negative environmental impacts [4]. However, there are also concerns and limitations with
considering microalgae and insects as food sources. The cultivation of microalgae on a
large scale may require significant infrastructure and energy inputs, potentially leading
to environmental impacts such as habitat disruption and carbon emissions. Also, the
acceptance of insects as a mainstream food source may face cultural and regulatory bar-
riers in many regions [52]. Furthermore, there are potential risks related to allergenicity,
food safety, and quality control that need to be addressed when incorporating these novel
protein sources into human diets [53]. Ensuring the safety and sustainability of production
processes is paramount to avoid unintended consequences and adverse health outcomes
for consumers [4].

Table 2 offers a concise overview of both the positive impacts and challenges entailed
by the integration of digital technologies within food supply chains, highlighting the
transformative potential and hurdles within this domain [54–88].

Table 2. Positive contribution and challenges of digital technology implementation in food
supply chains.

Benefits Challenges

- Reduced food waste and improved sustainability across
the entire food system [54] - Digital polarization and unequal access to technology [78]

- Sustainable production practices contribute to conserving
natural resources and protecting biodiversity [55–58,77]

- Increased GHG emissions due to higher energy
demand [68]

- Long-term economic, social, and ecological benefits from
investments in improving efficiency and sustainability of
the food supply chain [2,3,55–59,82–85]

- Risk of worsening social issues such as unemployment
among unskilled workers [78,79]



Foods 2024, 13, 1281 7 of 24

Table 2. Cont.

Benefits Challenges

- Better resource planning, coordination, and optimization
through supply chain management
systems [59,62–68,86–88]

- Excessive dependence on technology at the expense of
traditional and sustainable approaches [78]

- Improved efficiency and sustainability of operations
through the application of digital
technologies [9,60,69–76]

- Addressing ethical and regulatory considerations linked
to the adoption of digital technologies [80,81]

- Improved efficiency and transparency in managing food
stocks, monitoring the supply chain, and optimizing
transportation routes [9,54,61]

- Expensive implementation costs [40]

Source: Developed by the author based on [2,3,9,54–88].

Considering the findings of previous research, this paper proposes four hypotheses
regarding the influences of digital technologies on sustainable production and consumption
and waste resulting from human activity, including food waste, as seen below:

Hypothesis 1. The level of agricultural production has a positive influence on responsible con-
sumption and production (SDG12).

Hypothesis 2. Current digital technologies have a negative influence on responsible consumption
and production (SDG12).

Hypothesis 3. The level of agricultural production has a positive influence on municipal waste.

Hypothesis 4. Current digital technologies have a negative influence on municipal waste.

2.3. The Impact of the Agri-Food Chain on the Environment and GHG Emissions

The agreement on GHG emissions and the SDGs represents critical commitments
of the international community in combating climate change and promoting sustainable
development. These are essential tools for guiding policies and actions at the global,
regional, and national levels towards a greener and more sustainable economy. By aligning
strategies and efforts with these agreements and goals, governments, non-governmental
organizations, and the private sector can collaborate towards a more prosperous and
equitable future for all [89].

Agriculture significantly contributes to global emissions of GHG methane (CH4)
and nitrous oxide (N2O), both through direct agricultural processes, such as animal en-
teric fermentation [90] and the application of chemical fertilizers [91], as well as through
deforestation and land use changes associated with agriculture [92]. These emissions (ap-
proximately 12% of global GHG emissions) can have a significant impact on climate change,
contributing to global warming and extreme weather phenomena [38]. Among greenhouse
gases emitted by agriculture, methane (CH4) is the primary contributor, accounting for
nearly 67% of emissions, followed by nitrous oxide (N2O) at 32% and carbon dioxide (CO2)
at 1% [92].

Climate change caused by GHG emissions (CO2, nitrous oxide—N2O, methane—CH4,
among the most significant) has severe and diverse consequences for the environment and
life on Earth [93]. From rising sea levels and declining biodiversity to extreme weather
events and impacts on agriculture and food security, the effects of global warming are
already being felt worldwide and can have devastating consequences for future genera-
tions [94]. It is imperative to raise awareness and take action to reduce GHG emissions and
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adopt more sustainable practices to limit climate change and protect the environment for
our future.

The impact of CH4 and N2O emissions on global warming is significant, and agricul-
ture plays a significant role in this equation [90]. It is evident that agricultural practices,
especially those in conventional agriculture, contribute to GHG emissions and, conse-
quently, to climate change [95]. However, there are alternative solutions, such as organic
farming, which can significantly reduce the impact of CH4 and N2O emissions [38]. Climate
change has a significant impact on agri-food systems, causing changes in the availability
and quality of natural resources, agricultural production, distribution, and access to food,
as well as long-term impacts on food security and the sustainability of food systems. By
adopting more sustainable agricultural practices and promoting environmentally friendly
agricultural systems, we can help reduce the impact of agriculture on climate change and
protect the environment for future generations.

Reducing GHG emissions in agriculture could contribute to mitigating the impact of
climate change and improving the sustainability and efficiency of agricultural systems [96].
Implementing more ecological agricultural practices could also promote soil health, biodi-
versity, and food quality, benefiting society as a whole.

The significant increase in animal populations associated with CH4 emissions during
enteric fermentation underscores the importance of taking concrete measures to reduce
GHG emissions from the livestock sector [97]. Thus, adopting more sustainable practices
on livestock farms as well as improving animal nutrition to reduce methane production [90]
are necessary. Investments in innovative technologies for waste management and reducing
the carbon footprint of meat production can significantly contribute to mitigating the
impact of the livestock sector on climate change.

The increase in nitrogen usage in agriculture has led to significant improvements in
crop production and global population sustenance in recent decades [92]. Efficient nitrogen
utilization is crucial for achieving high yields and maintaining soil health. However,
excessive or incorrect use of nitrogen fertilizers can have negative consequences on the
environment, such as groundwater and surface water pollution as well as GHG emissions.
Therefore, optimizing nitrogen use in agriculture is crucial for maintaining sustainable food
production and a healthy environment.

Excessive use of agrochemicals can have severe consequences for the environment
and human health [25]. Crop monitoring systems and precise irrigation management
can reduce the dependence on agrochemicals and improve sustainable farming practices.
Digital technologies can facilitate the exchange of information and best practices among
primary producers and agricultural organizations, promoting a more conscious approach to
agrochemical use and more efficient natural resource management. These efforts contribute
to environmental protection and the long-term sustainability of agriculture in developing
countries [31].

Animal husbandry, nitrogen-rich fertilizers, animal manure utilization, crop residue
burning, and water management in flood-prone cultivation areas generate a variety of
GHGs, including methane and nitrous oxide [90,92]. These agricultural practices can reduce
associated GHG emissions. For example, modern agricultural technologies, such as efficient
animal manure management and the use of organic fertilizers, can contribute to mitigating
GHG emissions from agriculture. Moreover, regenerative agricultural practices, such as
precision farming and organic farming, can help reduce the negative impact of agriculture
on the climate and the environment. The use of digital technologies in agriculture can
increase the efficiency, profitability, and sustainability of production [34]. When animal
manure is not adequately managed or composted, pathogenic bacteria can contaminate
the soil and crops. These bacteria can enter the food chain and cause severe illnesses in
consumers [92]. Therefore, it is essential to pay special attention to the proper management
of animal manure, including adequate composting and compliance with hygiene and food
safety regulations and standards. These measures are crucial to prevent risks to public
health and ensure that food products are safe for consumption [90].
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Apart from operational benefits, digitalization can enhance the sustainability of supply
chains by diminishing resource consumption and GHG emissions linked to production and
distribution operations. The use of IoT technologies and data analysis can enable better
monitoring of energy and water consumption in real time, allowing enterprises to identify
and efficiently reduce resource consumption [54].

There are multiple investigations concerning the share of agriculture in global GHG
emissions, but the impact on food production systems has been neglected [92]. This neglect
has had significant consequences for the environment and our food system. Climate change
has brought to the forefront the need to assess and improve the sustainability and efficiency
of our agricultural systems. It is crucial to focus on reducing GHGs from agriculture and
implementing more sustainable and environmentally friendly agricultural practices to
mitigate environmental impact and adapt to ongoing climate changes.

Considering the previous research results, this paper proposes two hypotheses con-
cerning the influences between sustainable production and consumption and GHG emis-
sions from agriculture, as follows:

Hypothesis 5. Responsible consumption and production (SDG12) have a negative influence on
the GHG emissions from agriculture.

Hypothesis 6. The level of agricultural production has a significantly positive influence on the
level of GHG emissions from agriculture.

3. Materials and Methods

The research on the current influences of digital technologies on sustainable production
and consumption models, considering food agricultural production, waste, and nitrogen
and methane emissions from agriculture, has involved a process with five stages: the
literature review, hypotheses formulation, data collection, data processing and hypotheses
testing, presentation of results, discussions, and conclusions.

Data collected to investigate the relationships between current digital technologies,
SDG12, crop and animal output, municipal waste, and nitrogen and methane emissions
from agriculture come from three sources: Digital Economy and Society Index (DESI)
reports, Sustainable Development Report 2023, and Eurostat database.

From the European Digital Society Index (DESI) report, this paper retained two dimen-
sions to illustrate digital technologies: Integration of Digital Technology (IDT) and Digital
Public Services (DPSs). These two dimensions showed significant external loadings and
external weights statistically (p < 0.05) in the tested SEM model. The other two dimensions,
Human Capital (HC) and Internet Connectivity (C), considered in the initial model were not
included in the final model as a result of insignificant outer weights (p > 0.05). Integration
of Digital Technology assesses the degree of digital technology integration, including the
use of digital technologies in business processes, production, and innovation. Digital Public
Services assess the degree of digitalization of public services provided by public authorities,
such as e-governance systems, online processes for obtaining official documents, and other
digitally available public services.

From the Sustainable Development Report 2023, this paper selected two critical as-
pects: SDG12—Sustainable Consumption and Production and SDG12_msw—Municipal
solid waste. SDG12 measures progress towards sustainable production and consumption,
including the use of natural resources, waste management, and reducing environmental
impact. SDG12_msw focuses on the management of municipal solid waste, including food
waste. By evaluating this indicator, a better understanding of solid waste management in
society and the environmental and public health impacts can be achieved. Analyzing this
aspect can help identify more efficient strategies for managing and reducing solid waste,
including food waste. Both indicators address goods and services in general, not only
food products.
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Data selected from the Eurostat database included crop and animal output, methane
emissions (expressed in CO2 equivalent), and nitrous oxide emissions (expressed in CO2
equivalent) from agricultural activities, hunting, and related services.

The investigation included all selected indicators from the period 2017–2022. The
longitudinal analysis undertaken over six years (2017–2022) is helpful in investigating
trends and changes over time regarding the impact of digitalization on production and
consumption. We selected this timeframe because it provided the most robust and com-
parable data sets aligned with the objectives of our research. The data collected during
this period allowed for a comprehensive examination of the evolving dynamics within the
digital economy. Table 3 presents the variables used in the investigation.

Table 3. Variables and measures.

Variables Data Measures Sources

DPSs Digital Public Services Score [98]
IDT Integration of Digital Technology Score [98]

CRO Crop output Million purchasing
power standards (PPS) [99]

ANO Animal output Million purchasing
power standards (PPS) [99]

SDG12 Sustainable consumption
and production Score [100]

SDG12_msw Municipal solid waste
(kg/capita/day) kg/capita/day [100]

CH4_CO2 Methane (CO2 equivalent) Thousand tonnes [101]
NO2_CO2 Nitrous oxide (CO2 equivalent) Thousand tonnes [101]

Source: Developed by the author based on [98–101].

Theoretical modeling of the research illustrates the connections between the model
variables regarding the current impact of digital technologies on sustainable production
and consumption, considering food agricultural output, waste, and nitrogen and methane
emissions from agriculture (Figure 1).

This paper uses Structural Equation Modeling (SEM) as the primary analytical tool due
to its capacity to examine the complex relationships among variables within a theoretical
model [102]. SEM enables the simultaneous evaluation of multiple variables and their
interdependencies, making it suitable for studying the multidimensional dynamics of
digital technology’s impact on sustainable production and consumption, as well as GHGs
in agriculture [103]. Previous research in the field of agriculture has successfully employed
SEM in investigating influences among heterogeneous variables [104–106].

SEM provides several advantages in this context. Firstly, it allows for testing hy-
potheses derived from the theoretical model, enabling researchers to assess the direct and
indirect effects of digital technologies on various aspects of sustainable production and
consumption [105]. Secondly, SEM enables the integration of multiple data sources, such
as DESI reports, Sustainable Development Reports, and the Eurostat database [107]. SEM
provides statistical measures of model fit, assisting researchers in globally evaluating the
validity and reliability of the proposed theoretical framework [102].

By utilizing SEM and integrating diverse data sources, the research aims to provide a
comprehensive analysis of the impact of digital technologies on sustainable food systems.
Through empirical analysis and hypothesis testing, the study seeks to uncover insights
that can inform policies and practices in promoting more efficient and sustainable food
production and consumption practices, which are in line with SDG12.
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Figure 1. Theoretical model. Source: Developed by the author.

4. Results

The SEM model chosen was formative tested with the consistent PLS (Partial Least
Squares) algorithm within SmartPLS v.3.0 [108]. Several researchers advocate for the use
of a consistent PLS algorithm (PLSc) to enhance the understanding of structural relation-
ships [103,109,110]. The latent variables of the model were digital technologies, food from
agricultural output, Goal 12 sustainable consumption and production, GHGs from agriculture,
and municipal solid waste. Figure 2 illustrates the model obtained after applying the PLSc.
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In the case of formative models, the determination of the variables’ collinearity per-
formed by examining the VIF (Variance Inflation Factor) values of formative indicators is
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essential [107]. For the PLSc model, the calculated VIF values are below the threshold value
of five (Table 4). Consequently, collinearity does not reach critical levels and does not pose
a problem for estimating the PLSc path model.

Table 4. Assessing multicollinearity.

VIF

ANO 2.921
CRO 2.921
DPS 1.203
IDT 1.203

CH4_CO2 2.676
NO2_CO2 2.676

SDG12 1.000
SDG12_msw 1.000

Source: Developed by the author based on data using SmartPLS v3.0.

Subsequently, it is necessary to analyze outer weights to observe the significance and
relevance of the formative PLSc model [107]. The bootstrapping technique enables the
determination of the significance of outer weights. For the PLSc model, we applied a
bootstrapping procedure considering 10,000 samples with a 0.05 significance level, using
two-tailed testing. Table 5 presents the outer weight results for the exogenous variables of
the model.

Table 5. Outer weights.

Original
Sample

Sample
Mean

Standard
Deviation

T
Statistics

p Value
Significance

ANO→ Food from agricultural output 0.521 0.531 0.148 3.526 0.000 < 0.05
CRO→ Food from agricultural output 0.530 0.516 0.151 3.514 0.000 < 0.05

DPS→ Digital technologies 0.698 0.688 0.140 4.974 0.000 < 0.05
IDT→ Digital technologies 0.485 0.480 0.159 3.041 0.002 < 0.05

CH4_CO2 → Greenhouse gases from agriculture 0.561 0.564 0.162 3.455 0.001 < 0.05
NO2_CO2 → Greenhouse gases from agriculture 0.496 0.488 0.168 2.955 0.003 < 0.05

SDG12→ Goal 12 Sustainable consumption
and production 1 000 1 000 0.000

SDG12_msw→Municipal solid waste 1 000 1 000 0.000

Source: Developed by the author based on data using SmartPLS v3.0.

Model fit was also verified. The indicators illustrating model fit record significant
values: SRMR < 0.08 and NFI > 0.9 [102]. Table 6 describes model fit indicators.

Table 6. Model fit.

Saturated Model Estimated Model

SRMR 0.032 < 0.08 0.033 < 0.08
d_ULS 0.037 0.040

d_G 0.036 0.038
Chi-Square 28.402 29.877

NFI 0.961 > 0.9 0.959 > 0.9
Source: Developed by the author based on data using SmartPLS v3.0.

Due to the bootstrapping procedure, we calculated the path coefficients of the PLSc
model, as illustrated in Table 7.
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Table 7. Path coefficients.

Original
Sample

Sample
Mean

Standard
Deviation T Statistics p Value

Significance

Digital technologies→ Goal 12 Sustainable
consumption and production −0.252 −0.261 0.074 3.386 0.001 < 0.05

Digital technologies→Municipal solid waste −0.360 −0.366 0.059 6.064 0.000 < 0.05
Food from agricultural output→ Goal 12 Sustainable

consumption and production 0.164 0.162 0.057 2.898 0.004 < 0.05

Food from agricultural output→ Greenhouse gases
from agriculture 0.914 0.920 0.019 48.872 0.000 < 0.05

Food from agricultural output→Municipal solid waste 0.193 0.190 0.043 4.493 0.000 < 0.05
Goal 12 Sustainable consumption and production→

Greenhouse gases from agriculture −0.093 −0.091 0.037 2.538 0.011 < 0.05

Municipal solid waste→ Goal 12 Sustainable
consumption and production 0.269 0.266 0.089 3.004 0.003 < 0.05

Source: Developed by the author based on data using SmartPLS v3.0.

Investigating proposed hypotheses involves testing both direct and indirect effects.
Therefore, during the bootstrapping procedure, we calculated the total effects. Table 8
presents the total effects recorded between the formative PLSc model variables, while
Figure A1 presents histograms showing the dispersion of estimated values across iterations
for total effects.

Table 8. Total effects.

Original
Sample

Sample
Mean

Standard
Deviation T Statistics p Values

Digital technologies→ Goal 12 Sustainable
consumption and production −0.349 −0.357 0.075 4.621 0.000 < 0.05

Digital technologies→Municipal solid waste −0.360 −0.366 0.059 6.064 0.000 < 0.05
Digital technologies→ Greenhouse gases

from agriculture 0.032 0.032 0.015 2.209 0.027 < 0.05

Food from agricultural output→ Goal 12 Sustainable
consumption and production 0.216 0.213 0.059 3.644 0.000 < 0.05

Food from agricultural output→ Greenhouse gases
from agriculture 0.893 0.900 0.020 44.155 0.000 < 0.05

Food from agricultural output→Municipal solid waste 0.193 0.190 0.043 4.493 0.000 < 0.05
Goal 12 Sustainable consumption and production→

Greenhouse gases from agriculture −0.093 −0.091 0.037 2.538 0.011 < 0.05

Municipal solid waste→ Goal 12 Sustainable
consumption and production 0.269 0.266 0.089 3.004 0.003 < 0.05

Municipal solid waste→ Greenhouse gases
from agriculture −0.025 −0.024 0.013 1.996 0.046 < 0.05

Source: Developed by the author based on data using SmartPLS v3.0.

The path coefficients obtained through bootstrapping in the consistent PLS model
reflect the total effects between the variables considered in the study and provide important
information about their reciprocal influences. The results reveal a negative influence of
digital technologies on responsible consumption and production (SDG12), suggesting an
impact of digital technologies on diminishing sustainability in consumption and produc-
tion. This outcome supports the H2 hypothesis. Agricultural production demonstrates a
notable positive influence both on sustainable consumption and production (SDG12) and
municipal solid waste. This finding underscores a robust link between agricultural produc-
tion and sustainability, alongside a potential rise in municipal solid waste with escalating
agricultural production. These results support the H1 and H3 hypotheses. Furthermore,
the relationship between digital technologies and municipal solid waste is also negative,
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suggesting that the use of digital technologies can contribute to reducing the amount of
municipal solid waste, validating the H4 hypothesis.

Regarding the total effects between SDG12 and GHGs from agriculture, the path coeffi-
cient demonstrates a negative value, implying a detrimental impact of sustainable consump-
tion and production on GHG emissions from agriculture, validating the H5 hypothesis. The
relationship between the level of agricultural production and the level of GHG emissions
of nitrogen and methane from agriculture is positive, suggesting that an increase in crop
and animal output will lead to an increase in GHG emissions. This result validates the
H6 hypothesis.

5. Discussion

The use of technology in agriculture can have a significant impact on the efficiency and
sustainability of food systems. However, for technology to have a transformative impact, it
must be adequately implemented and take into account the specific social, economic, and
cultural contexts of each community [40,111–114]. Improving access to food and reducing
the carbon footprint of the global agri-food system are critical priorities for achieving
sustainable development goals and ensuring global food security [115,116].

The objective of this study was to explore the impact of digital technologies on food
production and consumption, with a specific focus on examining their influence on various
aspects, including municipal waste primarily originating from food consumption, nitrogen
and methane emissions from agriculture, and sustainable consumption and production
in alignment with SDG12. The study used longitudinal data to achieve this objective,
examining trends and changes over time regarding the impact of digital technologies on
sustainable food production and consumption. Furthermore, the study investigated the
relationships between agricultural production, municipal waste, and GHG emissions from
agriculture in the context of sustainable development goals to gain a deeper understanding
of the complex interactions in the food sector.

The investigation revealed a negative relationship between digital technologies and
SDG12, suggesting that the impact of these technologies on sustainable consumption
and production is moderate but significant. This fact suggests that the utilization of
digital technologies might have a detrimental impact on sustainable development goals,
raising concerns about sustainability in consumption and production and validating the
H2 hypothesis. These findings emphasize the necessity for a more cautious approach
when implementing digital technologies within the realm of sustainable food practices.
Similarly, Lajoie-O’Malley et al. [117] showed that implementing digital technologies in
agriculture can have certain risks and may not always bring the expected benefits. Increased
efficiency can paradoxically lead to increased resource use. There is a risk that these tech-
nologies may accentuate inequalities and create new digital divisions, especially if small
primary producers do not have access to or cannot benefit from them for various reasons
or may have adverse effects on GHG emissions due to high energy consumption. Likewise,
Kamble et al. [118] underscored that digitalization also presents challenges, including the
imperative to guarantee equitable access to technology and data for all stakeholders en-
gaged in the food supply chain. Additionally, there is a need to tackle issues related to
data protection and cybersecurity within an ever more intricate and interconnected digital
landscape. Bahn et al. [40] showed that digital technologies bring real and lasting benefits
to the entire agricultural sector.

In contrast, this paper found that agricultural production has a significant positive
influence on both sustainable consumption and production (SDG12) and the generation of
municipal solid waste. This finding highlights the close connection between agricultural
production and the concept of sustainability, suggesting that increasing agricultural pro-
duction can bring both benefits and challenges in terms of municipal waste management.
These results are in line with the H1 and H3 hypotheses, emphasizing the complexity
of the relationship between agricultural production and food sustainability. Consistent
with these findings, Wijerathna-Yapa and Pathirana [36] showed that agriculture is a pillar
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of economies and societies with a significant impact on food security, employment, and
economic development. Thus, investments in modernizing and digitalizing the agricultural
sector can contribute to increasing productivity, improving food safety standards, and
enhancing competitiveness in the global market [55,57].

The research results revealed a negative relationship between digital technologies
and municipal solid waste, indicating that the use of digital technologies can mitigate
municipal solid waste, validating the H4 hypothesis. This finding suggests digital tech-
nologies could have a positive impact on solid waste management, thus contributing to
greater sustainability of the food system. The research findings align with the findings
of Bahn et al. [41], who suggested that digital technologies implemented in food systems
can contribute to reducing waste by optimizing production, distribution, and inventory
management processes [59]. These technologies can enable more efficient monitoring and
management of the food chain, thereby reducing losses during transportation and storage
and improving data management for production and distribution planning [19]. However,
it is essential to consider the indirect impact of digital technology use on the environment,
including additional energy consumption and the generation of electronic waste, to ensure
a holistic and sustainable approach to the use of these technologies in agriculture and the
food chain [119].

Regarding the total effects of SDG12 on GHG emissions from agriculture, we found
that sustainable consumption and production have a negative influence on these emissions,
validating the H5 hypothesis. This finding suggests that sustainable development goals
could contribute to reducing GHG emissions from agriculture. This result underscores
the importance of more sustainable consumption and production in reducing environ-
mental impact. Consistent with these findings, Dong et al. [54], Agrawal et al. [120], and
Sharma et al. [74] emphasize that companies can improve their operations by efficiently
using digital technologies while simultaneously contributing to the global effort for a more
sustainable future by achieving SDGs, especially SDG 12. The use of digital technolo-
gies can enhance operational efficiency, reduce GHG emissions [31,93], and contribute to
strengthening supply chain sustainability [121]. Digital technologies can increase oper-
ational efficiency while reducing environmental impact [122]. Furthermore, the digital
technologies used in supply chains can enhance transparency and accountability through-
out the process, facilitating monitoring and reporting of sustainable practices [59].

Lastly, the positive relationship between agricultural production levels and GHG
emissions from agriculture confirms the validity of the H6 hypothesis. This result suggests
that an increase in agricultural production may contribute to an increase in GHG emissions,
highlighting the need for improved agricultural practices to reduce environmental impact.
As shown by Kabange et al. [90], Xu et al. [91], and Wang and Ouyang [34], agriculture
constitutes a substantial source of global GHG emissions, stemming from direct agricul-
tural activities like animal fermentation and the application of chemical fertilizers. These
emissions contribute to climate change and environmental degradation. However, imple-
menting improved agricultural practices and modern technologies can help reduce these
emissions and promote more sustainable agriculture [92]. Digital technologies can enhance
the efficiency, profitability, and sustainability of agricultural production, providing primary
producers with essential tools and real-time decision-making information [34].

The result of this hypothesis examination leads us to identify appropriate policies and
practices in the food sector under more efficient use of digital technologies in agriculture
to meet SDGs. Implementing digital technologies into the agricultural and food sectors
can yield substantial advantages, enhance efficiency, provide access to information, and
foster innovation across the entire food supply chain [12]. However, additional efforts
are needed to promote the adoption of digital technologies by all stakeholders and to
facilitate access to these technologies, especially for small- and medium-sized primary
producers [14]. Investments in digital infrastructure and digital education can play a crucial
role in supporting the transition to a more efficient and sustainable agri-food system [11].
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The integration of digital technologies in agriculture should support sustainability
and resilience objectives in the agricultural sector. In this context, the EU is adopting a
proactive stance to promote digitalization in agriculture as a component of transitioning
towards more sustainable and efficient agricultural systems. The concept of the fourth
agricultural revolution highlights the importance and potential of digital technology to
radically transform the way agriculture is managed and practiced in the future [123].
Through digitalization, production processes, resource monitoring, and decision making
can be improved, contributing to increased efficiency and sustainability in agriculture. The
EU can act as a role model for other regions and countries, showcasing how digitalization
fosters more environmentally friendly and adaptable agriculture in response to present
and future challenges [21].

Digital technologies used in agriculture can bring multiple benefits, such as increased
operational efficiency, reduced negative environmental impact, improved food quality and
safety, and increased primary producers’ incomes [114]. These technologies can support the
adoption of more sustainable agricultural practices and contribute to reducing dependence
on external inputs, such as pesticides and chemical fertilizers, while promoting the more
efficient use of natural resources [124]. Furthermore, they can facilitate access to agricultural
information and services for primary producers in rural areas and enhance transparency
and efficiency throughout the entire food chain [125].

Digitalizing the food system presents numerous advantages and opportunities for
improving efficiency, transparency, and sustainability throughout the entire food supply
chain [126,127]. Digital technologies enable risk identification and management more
efficiently, optimizing the food production and distribution process, and new business
models can contribute to achieving SDGs, particularly in terms of eliminating hunger,
promoting health and well-being, combating climate change, and promoting sustainable
patterns of production and consumption [128,129].

However, the high cost of advanced agricultural technologies can be a significant
obstacle for primary producers and other entities in the agricultural sector, mainly in
developing countries. Furthermore, lack of training and access to resources necessary for
learning and implementing these technologies may limit their widespread adoption, create
digital divides, and accentuate inequalities [118].

5.1. Theoretical Implications

The challenges facing food systems, such as population growth, competition for re-
sources, the complexity of the global food chain, dietary patterns, climate change, limited
food access, unsustainable agricultural practices, and food waste, reflect the complexity
and fragility of current food systems. Population growth and rapid urbanization create
additional pressures on existing natural and agricultural resources, accentuating risks of
food insecurity and environmental degradation. Climate change exacerbates these issues,
affecting agricultural production and access to food for millions of people worldwide.
Unsustainable agricultural practices underscore the need for structural reforms in agricul-
ture and food supply chains to promote more sustainable and equitable production and
consumption. Reducing food waste and improving access to nutritious and sustainable
food are critical priorities for achieving food security and sustainable development in
the future.

A sustainable food system is crucial not only for human health but also for the well-
being and sustainability of the environment and economies. A food system optimized for
sustainability can have long-term benefits for human health, ensuring access to healthy and
safe food while simultaneously protecting the environment and supporting agricultural
and rural communities.

5.2. Practical Implications

Agriculture is an essential component of economies and livelihoods worldwide, pro-
viding food and other necessary products for daily life. This paper highlights the need for
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the development of sustainable and efficient agricultural practices to reduce the negative
impact of the agricultural sector on the environment. The current model of production
and consumption reveals imbalances in current food production and consumption systems
that contribute to exacerbating the impact of climate change by increasing GHG emissions.
The findings of the empirical study emphasize the urgent need to develop and implement
more sustainable and environmentally friendly agricultural practices that reduce the agri-
cultural sector’s impact on climate change and contribute to protecting the environment
for future generations.

This paper underscores the potential of these technologies to optimize resource utiliza-
tion and mitigate environmental impacts, thereby promoting more sustainable consumption
and production patterns. Moreover, it emphasizes their role in reducing municipal waste
through improved resource management practices. However, these technologies have
potential side effects, such as resource overuse, that may occur in the absence of adequate
regulations and sustainable resource management strategies. A balanced approach is
needed to ensure that digital technologies are used responsibly and sustainably within
agricultural and food systems.

The development and promotion of digital technologies require an appropriate legisla-
tive and policy framework that keeps pace with the rapid rate of technological innovation
and facilitates their adoption throughout agriculture, not just the food industry. Further-
more, a greater understanding of primary producers’ perspectives and needs regarding the
use of digital technologies is necessary to develop solutions that better meet their require-
ments and support a more efficient and inclusive digital transformation in agriculture.

5.3. Limitations and Further Research

Despite efforts to investigate the relationships between digital technologies, sustain-
able production and consumption, food agricultural production, GHG emissions, and
municipal waste, this paper has certain limitations. One of these limitations arises from
the longitudinal nature of the analysis. Although we attempted to track the evolution
of relationships over an extended period, contextual factors or unforeseen events may
have influenced the results and interpretations. The study predominantly focused on the
relationship between digital technologies, crop and animal output, and critical variables as-
sociated with food sustainability, such as municipal waste, nitrogen and methane emissions,
and SDG12. However, other relevant aspects of food sustainability could be considered,
including the social and economic impact of technological transformations in agriculture.

Future studies could investigate how digital technologies influence aspects such as
agricultural labor employment, market access for small primary producers, or the equitable
distribution of technology benefits. Another research direction should focus on exploring
the unintended consequences of digitalization in agriculture. It is crucial to evaluate not
only the positive aspects but also the potential adverse effects of digitalization in agriculture,
such as the risk of digital exclusion or the concentration of economic power in the hands of
large corporations. Future studies could investigate the specific effects of different digital
technologies, such as the IoT, data analytics, or AI, on food sustainability.

6. Conclusions

Using technology in agriculture can have a significant impact on the efficiency and
sustainability of food systems. However, for technology to have a transformative impact,
it must be adequately implemented and take into account the specific social, economic, and
cultural contexts of each community. It is essential to understand how technological solutions
can address local needs and priorities and promote sustainable and inclusive agriculture. By
researching and identifying elements that can facilitate the transformation of food systems
through systemic innovations, more efficient policies and practices can be developed to
address current and future challenges of food security and sustainable development.

Despite sufficient food resources, access to food remains a significant issue for millions
of people worldwide. Improving access to food and reducing the carbon footprint are
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critical priorities for achieving SDGs and ensuring food security. The integration of digital
technologies in agri-food chains can bring multiple benefits, but efforts are needed to
promote their widespread adoption, ensuring they are accessible and beneficial to all
stakeholders in the agri-food sector. By investing in digital infrastructure, education, and
appropriate policies, countries can contribute to achieving a more efficient, sustainable,
and inclusive food system that meets the current and future needs of society.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Research data are publicly available: https://digital-strategy.ec.europa.
eu/en/library/digital-economy-and-society-index-desi-2017 (accessed on 22 February 2024); https:
//digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-2018-report (accessed
on 22 February 2024); https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-
index-desi-2019 (accessed on 22 February 2024); https://digital-strategy.ec.europa.eu/en/library/
digital-economy-and-society-index-desi-2020 (accessed on 22 February 2024); https://digital-strategy.
ec.europa.eu/en/library/digital-economy-and-society-index-desi-2021 (accessed on 22 February 2024);
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2022 (ac-
cessed on 22 February 2024); https://dashboards.sdgindex.org/static/downloads/files/SDR2023-
data.xlsx (accessed on 18 April 2024); https://ec.europa.eu/eurostat/databrowser/view/env_ac_
ainah_r2__custom_10475061/default/table?lang=en (accessed on 6 March 2024); https://ec.europa.
eu/eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en (accessed
on 5 March 2024).

Conflicts of Interest: The author declares no conflicts of interest.

Appendix A

Foods 2024, 13, x FOR PEER REVIEW7jw576isyjw sw 19 of 25 
 

 

society-index-desi-2019 (accessed on 22 February 2024); https://digital-strategy.ec.europa.eu/en/li-
brary/digital-economy-and-society-index-desi-2020 (accessed on 22 February 2024); https://digital-
strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2021(accessed on 22 Feb-
ruary 2024); https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-
desi-2022(accessed on 22 February 2024); https://dashboards.sdgindex.org/static/down-
loads/files/SDR2023-data.xlsx; https://ec.europa.eu/eurostat/databrowser/view/env_ac_ai-
nah_r2__custom_10475061/default/table?lang=en (accessed on 6 March 2024); https://ec.eu-
ropa.eu/eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en (accessed 
on 5 March 2024). 

Conflicts of Interest: The author declares no conflicts of interest. 

 

 

 

 

 

 

 

Appendix A 

  

  

Figure A1. Cont.

https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2017
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2017
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-2018-report
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-2018-report
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2019
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2019
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2020
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2020
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2021
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2021
https://digital-strategy.ec.europa.eu/en/library/digital-economy-and-society-index-desi-2022
https://dashboards.sdgindex.org/static/downloads/files/SDR2023-data.xlsx
https://dashboards.sdgindex.org/static/downloads/files/SDR2023-data.xlsx
https://ec.europa.eu/eurostat/databrowser/view/env_ac_ainah_r2__custom_10475061/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/env_ac_ainah_r2__custom_10475061/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en


Foods 2024, 13, 1281 19 of 24Foods 2024, 13, x FOR PEER REVIEW7jw576isyjw sw 20 of 25 
 

 

  

  

 

 

Figure A1. Histograms for total effects. Developed by the author based on data using SmartPLS v3.0. 

References 
1. Morawicki, R.O.; González, D.J.D. Focus: Nutrition and Food Science: Food Sustainability in the Context of Human Behavior. 

Yale J. Biol. Med. 2018, 91, 191. 
2. Andrieu, N.; Sogoba, B.; Zougmore, R.; Howland, F.; Samake, O.; Bonilla-Findji, O.; Lizarazo, M.; Nowak, A.; Dembele, C.; 

Corner-Dolloff, C. Prioritizing investments for climate-smart agriculture: Lessons learned from Mali. Agric. Syst. 2017, 154, 13–
24. https://doi.org/10.1016/j.agsy.2017.02.008. 

3. Shirsath, P.B.; Aggarwal, P.K. Trade-Offs between Agricultural Production, GHG Emissions, and Income in a Changing Cli-
mate, Technology, and Food Demand Scenario. Sustainability 2021, 13, 3190. https://doi.org/10.3390/su13063190. 

4. Khan, N.; Ray, R.L.; Kassem, H.S.; Hussain, S.; Zhang, S.; Khayyam, M.; Ihtisham, M.; Asongu, S.A. Potential Role of Technology 
Innovation in Transformation of Sustainable Food Systems: A Review. Agriculture 2021, 11, 984. https://doi.org/10.3390/agricul-
ture11100984. 

5. Frederico, G.F.; Garza-Reyes, J.A.; Anosike, A.; Kumar, V. Supply Chain 4.0: Concepts, maturity, and research agenda. Supply 
Chain Manag. Int. J. 2019, 25, 262–282. https://doi.org/10.1108/SCM-09-2018-0339. 

6. Sharma, R.; Kamble, S.S.; Gunasekaran, A.; Kumar, V.; Kumar, A. A systematic literature review on machine learning applica-
tions for sustainable agriculture supply chain performance. Comput. Oper. Res. 2020, 119, 104926. 
https://doi.org/10.1016/j.cor.2020.104926. 

Figure A1. Histograms for total effects. Developed by the author based on data using SmartPLS v3.0.

References
1. Morawicki, R.O.; González, D.J.D. Focus: Nutrition and Food Science: Food Sustainability in the Context of Human Behavior.

Yale J. Biol. Med. 2018, 91, 191.
2. Andrieu, N.; Sogoba, B.; Zougmore, R.; Howland, F.; Samake, O.; Bonilla-Findji, O.; Lizarazo, M.; Nowak, A.; Dembele, C.;

Corner-Dolloff, C. Prioritizing investments for climate-smart agriculture: Lessons learned from Mali. Agric. Syst. 2017, 154, 13–24.
[CrossRef]

3. Shirsath, P.B.; Aggarwal, P.K. Trade-Offs between Agricultural Production, GHG Emissions, and Income in a Changing Climate,
Technology, and Food Demand Scenario. Sustainability 2021, 13, 3190. [CrossRef]

4. Khan, N.; Ray, R.L.; Kassem, H.S.; Hussain, S.; Zhang, S.; Khayyam, M.; Ihtisham, M.; Asongu, S.A. Potential Role of Technology
Innovation in Transformation of Sustainable Food Systems: A Review. Agriculture 2021, 11, 984. [CrossRef]

5. Frederico, G.F.; Garza-Reyes, J.A.; Anosike, A.; Kumar, V. Supply Chain 4.0: Concepts, maturity, and research agenda. Supply
Chain Manag. Int. J. 2019, 25, 262–282. [CrossRef]

6. Sharma, R.; Kamble, S.S.; Gunasekaran, A.; Kumar, V.; Kumar, A. A systematic literature review on machine learning applications
for sustainable agriculture supply chain performance. Comput. Oper. Res. 2020, 119, 104926. [CrossRef]

https://doi.org/10.1016/j.agsy.2017.02.008
https://doi.org/10.3390/su13063190
https://doi.org/10.3390/agriculture11100984
https://doi.org/10.1108/SCM-09-2018-0339
https://doi.org/10.1016/j.cor.2020.104926


Foods 2024, 13, 1281 20 of 24

7. Zekhnini, K.; Cherrafi, A.; Bouhaddou, I.; Benghabrit, Y.; Garza-Reyes, J.A. Supply chain management 4.0: A literature review
and research framework. Benchmarking Int. J. 2020, 28, 465–501. [CrossRef]

8. Ni, D.; Xiao, Z.; Lim, M.K. A systematic review of the research trends of machine learning in supply chain management. Int. J.
Mach. Learn. Cybern. 2020, 11, 1463–1482. [CrossRef]

9. Amentae, T.K.; Gebresenbet, G. Digitalization, and Future Agro-Food Supply Chain Management: A Literature-Based Implica-
tions. Sustainability 2021, 13, 12181. [CrossRef]

10. Lindgren, E.; Harris, F.; Dangour, A.D.; Gasparatos, A.; Hiramatsu, M.; Javadi, F.; Loken, B.; Murakami, T.; Scheelbeek, P.; Haines,
A. Sustainable food systems—A health perspective. Sustain. Sci. 2018, 13, 1505–1517. [CrossRef]

11. Anastasiadis, F.; Tsolakis, N.; Srai, J.S. Digital Technologies Towards Resource Efficiency in the Agri-food Sector: Key Challenges
in Developing Countries. Sustainability 2018, 10, 4850. [CrossRef]

12. Deichmann, U.; Goyal, A.; Mishra, D. Will Digital Technologies Transform Agriculture in Developing Countries? World Bank Group:
Washington, DC, USA, 2016. [CrossRef]

13. Traitler, H.; Zilberman, D.; Heikes, K.; Petiard, V.; Dubois, M. Megatrends in Food and Agriculture: Technology, Water Use and
Nutrition, 1st ed.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2018. [CrossRef]

14. FAO. e-Agriculture Summary Discussion e-Forum on ICTs and Open Data in Agriculture and Nutrition; FAO: Rome, Italy, 2018.
15. Serbulova, N.; Kanurny, S.; Gorodnyanskaya, A.; Persiyanova, A. Sustainable food systems and agriculture: The role of

information and communication technologies. IOP Conf. Ser. Earth Environ. Sci. 2019, 403, 012127. [CrossRef]
16. Khan, N.; Ray, R.L.; Sargani, G.R.; Ihtisham, M.; Khayyam, M.; Ismail, S. Current Progress and Future Prospects of Agriculture

Technology: Gateway to Sustainable Agriculture. Sustainability 2021, 13, 4883. [CrossRef]
17. Aiking, H.; de Boer, J. The next protein transition. Trends Food Sci. Technol. 2020, 105, 515–522. [CrossRef] [PubMed]
18. Walter, A.; Finger, R.; Huber, R.; Buchmann, N. Smart farming is key to developing sustainable agriculture. Proc. Natl. Acad. Sci.

USA 2017, 114, 6148–6150. [CrossRef] [PubMed]
19. Gill, S.S.; Chana, I.; Buyya, R. IoT Based Agriculture as a Cloud and Big Data Service: The Beginning of Digital India. J. Organ.

End User Comput. 2017, 29, 1–23. [CrossRef]
20. Ferreira, B.; Iten, M.; Silva, R.G. Monitoring sustainable development by means of earth observation data and machine learning:

A review. Environ. Sci. Eur. 2020, 32, 120. [CrossRef]
21. Qin, T.; Wang, L.; Zhou, Y.; Guo, L.; Jiang, G.; Zhang, L. Digital Technology-and-Services-Driven Sustainable Transformation of

Agriculture: Cases of China and the EU. Agriculture 2022, 12, 297. [CrossRef]
22. Clapp, J.; Ruder, S.-L. Precision Technologies for Agriculture: Digital Farming, Gene-Edited Crops, and the Politics of Sustainability.

Glob. Environ. Politics 2020, 20, 49–69. [CrossRef]
23. Klerkx, L.; Begemann, S. Supporting food systems transformation: The what, why, who, where and how of mission-oriented

agricultural innovation systems. Agric. Syst. 2020, 184, 102901. [CrossRef]
24. El Bilali, H.; Allahyari, M.S. Transition towards sustainability in agriculture and food systems: Role of information and

communication technologies. Inf. Process. Agric. 2018, 5, 456–464. [CrossRef]
25. Bolfe, É.L.; Jorge, L.A.D.C.; Sanches, I.D.; Luchiari Júnior, A.; da Costa, C.C.; Victoria, D.D.C.; Inamasu, R.Y.; Grego, C.R.; Ferreira,

V.R.; Ramirez, A.R. Precision and digital agriculture: Adoption of technologies and perception of Brazilian farmers. Agriculture
2020, 10, 653. [CrossRef]

26. Misra, N.N.; Dixit, Y.; Al-Mallahi, A.; Bhullar, M.S.; Upadhyay, R.; Martynenko, A. IoT, big data, and artificial intelligence in
agriculture and food industry. IEEE Internet Things J. 2020, 9, 6305–6324. [CrossRef]

27. Meshram, V.; Patil, K.; Meshram, V.; Hanchate, D.; Ramkteke, S.D. Machine learning in agriculture domain: A state-of-art survey.
Artif. Intell. Life Sci. 2021, 1, 100010. [CrossRef]

28. Feng, X.; Yan, F.; Liu, X. Study of wireless communication technologies on Internet of Things for precision agriculture. Wirel. Pers.
Commun. 2019, 108, 1785–1802. [CrossRef]

29. Obade, V.D.P.; Gaya, C. Digital technology dilemma: On unlocking the soil quality index conundrum. Bioresourc. Bioprocess. 2021,
8, 6. [CrossRef] [PubMed]

30. Scown, M.W.; Winkler, K.J.; Nicholas, K.A. Aligning research with policy and practice for sustainable agricultural land systems in
Europe. Proc. Natl. Acad. Sci. USA 2019, 116, 4911–4916. [CrossRef] [PubMed]

31. Méndez-Zambrano, P.V.; Tierra Pérez, L.P.; Ureta Valdez, R.E.; Flores Orozco, A.P. Technological Innovations for Agricultural
Production from an Environmental Perspective: A Review. Sustainability 2023, 15, 16100. [CrossRef]

32. Eli-Chukwu, N.C. Applications of artificial intelligence in agriculture: A review. Eng. Technol. Appl. Sci. Res. 2019, 9, 4377–4383.
[CrossRef]

33. Yin, X.; Chen, J.; Li, J. Rural innovation system: Revitalize the countryside for a sustainable development. J. Rural. Stud. 2022,
93, 471–478. [CrossRef]

34. Wang, W.; Mei, T. Research on the Effect of Digital Economy Development on the Carbon Emission Intensity of Agriculture.
Sustainability 2024, 16, 1457. [CrossRef]

35. Fears, R.; Canales, C. The Role of Science, Technology and Innovation for Transforming Food Systems Globally. Cent. Dev. Res.
(ZEF) Coop. Sci. Group UN Food Syst. Summit, 2021; 1–20. [CrossRef]

36. Bumpus, A.; Comello, S. Emerging clean energy technology investment trends. Nat. Clim. Change 2017, 7, 382–385. [CrossRef]

https://doi.org/10.1108/BIJ-04-2020-0156
https://doi.org/10.1007/s13042-019-01050-0
https://doi.org/10.3390/su132112181
https://doi.org/10.1007/s11625-018-0586-x
https://doi.org/10.3390/su10124850
https://doi.org/10.1111/agec.12300
https://doi.org/10.1002/9781119391173
https://doi.org/10.1088/1755-1315/403/1/012127
https://doi.org/10.3390/su13094883
https://doi.org/10.1016/j.tifs.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/38620223
https://doi.org/10.1073/pnas.1707462114
https://www.ncbi.nlm.nih.gov/pubmed/28611194
https://doi.org/10.4018/JOEUC.2017100101
https://doi.org/10.1186/s12302-020-00397-4
https://doi.org/10.3390/agriculture12020297
https://doi.org/10.1162/glep_a_00566
https://doi.org/10.1016/j.agsy.2020.102901
https://doi.org/10.1016/j.inpa.2018.06.006
https://doi.org/10.3390/agriculture10120653
https://doi.org/10.1109/JIOT.2020.2998584
https://doi.org/10.1016/j.ailsci.2021.100010
https://doi.org/10.1007/s11277-019-06496-7
https://doi.org/10.1186/s40643-020-00359-x
https://www.ncbi.nlm.nih.gov/pubmed/33457186
https://doi.org/10.1073/pnas.1812100116
https://www.ncbi.nlm.nih.gov/pubmed/30804196
https://doi.org/10.3390/su152216100
https://doi.org/10.48084/etasr.2756
https://doi.org/10.1016/j.jrurstud.2019.10.014
https://doi.org/10.3390/su16041457
https://doi.org/10.48565/scfss2021-q703
https://doi.org/10.1038/nclimate3306


Foods 2024, 13, 1281 21 of 24

37. Ozdogan, B.; Gacar, A.; Aktas, H. Digital Agriculture Practices in the Context of Agriculture 4.0. J. Econ. Financ. Account. 2017,
4, 184–191. [CrossRef]

38. Wijerathna-Yapa, A.; Pathirana, R. Sustainable Agro-Food Systems for Addressing Climate Change and Food Security. Agriculture
2022, 12, 1554. [CrossRef]

39. Mittra, B. COVID-19 Pandemic Presents Opportunities for Innovation. In TCI Blog; Tata-Cornell Institute for Agriculture and
Nutrition: Ithaca, NY, USA, 2020; Volume 2021.

40. Herrero, M.; Thornton, P.K.; Mason-D’Croz, D.; Palmer, J.; Bodirsky, B.L.; Pradhan, P.; Barrett, C.B.; Benton, T.G.; Hall, A.; Pikaar,
I.; et al. Articulating the effect of food systems innovation on the Sustainable Development Goals. Lancet Planet. Health 2021,
5, e50–e62. [CrossRef] [PubMed]

41. Bahn, R.A.; Yehya, A.A.K.; Zurayk, R. Digitalization for Sustainable Agri-Food Systems: Potential, Status, and Risks for the
MENA Region. Sustainability 2021, 13, 3223. [CrossRef]

42. Klerkx, L.; Jakku, E.; Labarthe, P. A review of social science on digital agriculture, smart farming and agriculture 4.0: New
contributions and a future research agenda. NJAS Wagening. J. Life Sci. 2019, 90–91, 100315. [CrossRef]

43. OECD. Digital Opportunities for Better Agricultural Policies; OECD Publishing: Paris, France, 2019.
44. World Bank. Future of Food: Harnessing Digital Technologies to Improve Food System Outcomes; World Bank: Washington, DC,

USA, 2019.
45. Searchinger, T.; Waite, R.; Hanson, C.; Ranganathan, J.; Dumas, P.; Matthews, E.; Klirs, C. Creating a Sustainable Food Future: A

Menu of Solutions to Feed Nearly 10 Billion People by 2050. Final Report; WRI: Washington, DC, USA, 2019.
46. Steiner, A.; Aguilar, G.; Bomba, K.; Bonilla, J.P.; Campbell, A.; Echeverria, R.; Gandhi, R.; Hedegaard, C.; Holdorf, D.; Ishii,

N.; et al. Actions to Transform Food Systems under Climate Change; CGIAR: Montpellier, France, 2020.
47. Kok, K.P.; Den Boer, A.C.; Cesuroglu, T.; Van Der Meij, M.G.; de Wildt-Liesveld, R.; Regeer, B.J.; Broerse, J.E. Transforming

research and innovation for sustainable food systems—A coupled-systems perspective. Sustainability 2019, 11, 7176. [CrossRef]
48. Barrett, C.B.; Benton, T.G.; Fanzo, J.; Herrero, M.; Nelson, R.; Bageant, E.; Buckler, E.; Cooper, K.A.; Culotta, I.; Fan, S.; et al.

Socio-Technical Innovation Bundles for Agri-Food Systems Transformation; Cornell Atkinson Center for Sustainability: Ithaca, NY,
USA; Springer Nature: London, UK, 2020.

49. Calicioglu, O.; Flammini, A.; Bracco, S.; Bellú, L.; Sims, R. The future challenges of food and agriculture: An integr„ated analysis
of trends and solutions. Sustainability 2019, 11, 222. [CrossRef]

50. Van Berkum, S.; Dengerink, J.; Ruben, R. The Food Systems Approach: Sustainable Solutions for a Sufficient Supply of Healthy Food;
Wageningen Economic Research: Den Haag, The Netherlands, 2018.

51. Tomiyama, J.-M.; Takagi, D.; Kantar, M.B. The Effect of Acute and Chronic Food Shortage on Human Population Equilibrium in a
Subsistence Setting. Agric. Food Secur. 2020, 9, 6. [CrossRef]

52. Chardigny, J.-M.; Walrand, S. Plant protein for food: Opportunities and bottlenecks. OCL Oilseeds Fats Crops Lipids 2016, 23, D404.
[CrossRef]

53. Niva, M.; Vainio, A.; Jallinoja, P. Barriers to increasing plant protein consumption in Western populations. In Vegetarian and
Plant-Based Diets in Health and Disease Prevention; Elsevier: Amsterdam, The Netherlands, 2017; pp. 157–171. [CrossRef]

54. Dong, Y.; Ahmad, S.F.; Irshad, M.; Al-Razgan, M.; Ali, Y.A.; Awwad, E.M. The Digitalization Paradigm: Impacts on Agri-Food
Supply Chain Profitability and Sustainability. Sustainability 2023, 15, 15627. [CrossRef]

55. Erokhin, V.; Diao, L.; Du, P. Sustainability-Related Implications of Competitive Advantages in Agricultural Value Chains:
Evidence from Central Asia—China Trade and Investment. Sustainability 2020, 12, 1117. [CrossRef]

56. Abideen, A.Z.; Sundram, V.P.K.; Pyeman, J.; Othman, A.K.; Sorooshian, S. Food Supply Chain Transformation through Technology
and Future Research Directions—A Systematic Review. Logistics 2021, 5, 83. [CrossRef]

57. Mushi, G.E.; Di Marzo Serugendo, G.; Burgi, P.-Y. Digital Technology and Services for Sustainable Agriculture in Tanzania: A
Literature Review. Sustainability 2022, 14, 2415. [CrossRef]

58. Tarigan, Z.J.H.; Siagian, H.; Jie, F. Impact of Enhanced Enterprise Resource Planning (ERP) on Firm Performance through Green
Supply Chain Management. Sustainability 2021, 13, 4358. [CrossRef]

59. Kumar, M.; Raut, R.D.; Jagtap, S.; Choubey, V.K. Circular economy adoption challenges in the food supply chain for sustainable
development. Bus. Strateg. Environ. 2023, 32, 1334–1356. [CrossRef]

60. Sufiyan, M.; Haleem, A.; Khan, S.; Khan, M.I. Evaluating food supply chain performance using hybrid fuzzy MCDM technique.
Sustain. Prod. Consum. 2019, 20, 40–57. [CrossRef]

61. Jagtap, S.; Rahimifard, S. The digitization of food manufacturing to reduce waste-Case study of a ready meal factory. Waste
Manag. 2019, 87, 387–397. [CrossRef] [PubMed]

62. Kollia, I.; Stevenson, J.; Kollias, S. AI-Enabled Efficient and Safe Food Supply Chain. Electronics 2021, 10, 1223. [CrossRef]
63. Annosi, M.C.; Brunetta, F.; Bimbo, F.; Kostoula, M. Digitalization within food supply chains to prevent food waste. Drivers,

barriers, and collaboration practices. Ind. Mark. Manag. 2021, 93, 208–220. [CrossRef]
64. Moraes, N.V.; Lermen, F.H.; Echeveste, M.E.S. A systematic literature review on food waste/loss prevention and minimization

methods. J. Environ. Manag. 2021, 286, 112268. [CrossRef] [PubMed]
65. Chauhan, C.; Dhir, A.; Akram, M.U.; Salo, J. Food loss and waste in food supply chains. A systematic literature review and

framework development approach. J. Clean. Prod. 2021, 295, 126438. [CrossRef]

https://doi.org/10.17261/Pressacademia.2017.448
https://doi.org/10.3390/agriculture12101554
https://doi.org/10.1016/S2542-5196(20)30277-1
https://www.ncbi.nlm.nih.gov/pubmed/33306994
https://doi.org/10.3390/su13063223
https://doi.org/10.1016/j.njas.2019.100315
https://doi.org/10.3390/su11247176
https://doi.org/10.3390/su11010222
https://doi.org/10.1186/s40066-020-00261-x
https://doi.org/10.1051/ocl/2016019
https://doi.org/10.1016/B978-0-12-803968-7.00010-1
https://doi.org/10.3390/su152115627
https://doi.org/10.3390/su12031117
https://doi.org/10.3390/logistics5040083
https://doi.org/10.3390/su14042415
https://doi.org/10.3390/su13084358
https://doi.org/10.1002/bse.3191
https://doi.org/10.1016/j.spc.2019.03.004
https://doi.org/10.1016/j.wasman.2019.02.017
https://www.ncbi.nlm.nih.gov/pubmed/31109539
https://doi.org/10.3390/electronics10111223
https://doi.org/10.1016/j.indmarman.2021.01.005
https://doi.org/10.1016/j.jenvman.2021.112268
https://www.ncbi.nlm.nih.gov/pubmed/33684802
https://doi.org/10.1016/j.jclepro.2021.126438


Foods 2024, 13, 1281 22 of 24

66. Bhakta, I.; Phadikar, S.; Majumder, K. State-of-the-art technologies in precision agriculture: A systematic review. J. Sci. Food Agric.
2019, 99, 4878–4888. [CrossRef] [PubMed]

67. Kabir, M.S.; Islam, S.; Ali, M.; Chowdhury, M.; Chung, S.O.; Noh, D.H. Environmental sensing and remote communication for
smart farming: A review. Precis Agric. 2022, 4, 82. [CrossRef]

68. Rejeb, A.; Rejeb, K.; Abdollahi, A.; Zailani, S.; Iranmanesh, M.; Ghobakhloo, M. Digitalization in Food Supply Chains: A
Bibliometric Review and Key-Route Main Path Analysis. Sustainability 2022, 14, 83. [CrossRef]

69. Singh, A.; Kumari, S.; Malekpoor, H.; Mishra, N. Big Data Cloud Computing Framework for Low Carbon Supplier Selection in
the Beef Supply Chain. J. Clean. Prod. 2018, 202, 139–149. [CrossRef]

70. Kamble, S.S.; Gunasekaran, A.; Parekh, H.; Joshi, S. Modeling the Internet of Things Adoption Barriers in Food Retail Supply
Chains. J. Retail. Consum. Serv. 2019, 48, 154–168. [CrossRef]

71. Zamora-Izquierdo, M.A.; Santa, J.; Martinez, J.A.; Martinez, V.; Skarmeta, A.F. Smart Farming IoT Platform Based on Edge and
Cloud Computing. Biosyst. Eng. 2019, 177, 4–17. [CrossRef]

72. Tantalaki, N.; Souravlas, S.; Roumeliotis, M. Data-Driven Decision Making in Precision Agriculture: The Rise of Big Data in
Agricultural Systems. J. Agric. Food Inf. 2019, 20, 344–380. [CrossRef]

73. Shadrin, D.; Menshchikov, A.; Somov, A.; Bornemann, G.; Hauslage, J.; Fedorov, M. Enabling Precision Agriculture through
Embedded Sensing with Artificial Intelligence. IEEE Trans. Instrum. Meas. 2019, 69, 4103–4113. [CrossRef]

74. Sharma, M.; Kumar, A.; Luthra, S.; Joshi, S.; Upadhyay, A. The impact of environmental dynamism on low-carbon practices
and digital supply chain networks to enhance sustainable performance: An empirical analysis. Bus. Strategy Environ. 2022,
31, 1776–1788. [CrossRef]

75. Khan, P.W.; Byun, Y.-C.; Park, N. IoT-Blockchain Enabled Optimized Provenance System for Food Industry 4.0 Using Advanced
Deep Learning. Sensors 2020, 20, 2990. [CrossRef]

76. Mahroof, K.; Omar, A.; Rana, N.P.; Sivarajah, U.; Weerakkody, V. Drone as a Service (DaaS) in Promoting Cleaner Agricultural
Production and Circular Economy for Ethical Sustainable Supply Chain Development. J. Clean. Prod. 2021, 287, 125522. [CrossRef]

77. Kittipanya-Ngam, P.; Tan, K.H. A Framework for Food Supply Chain Digitalization: Lessons from Thailand. Prod. Plan. Control
2020, 31, 158–172. [CrossRef]

78. Henchion, M.; Hayes, M.; Mullen, A.M.; Fenelon, M.; Tiwari, B. Future Protein Supply and Demand: Strategies and Factors
Influencing a Sustainable Equilibrium. Foods 2017, 6, 53. [CrossRef]

79. El Bilall, H. Relation between innovation and sustainability in the agro-food system. Ital. J. Food Sci. 2018, 30, 200–225. [CrossRef]
80. Manocha, P.; Srai, J.S. Exploring Environmental Supply Chain Innovation in M&A. Sustainability 2020, 12, 10105. [CrossRef]
81. Long, T.B.; Blok, V.; Coninx, I. Barriers to the Adoption and Diffusion of Technological Innovations for Climate-Smart Agriculture

in Europe: Evidence from The Netherlands, France, Switzerland, and Italy. J. Clean. Prod. 2016, 112, 9–21. [CrossRef]
82. Brandt, P.; Kvakic, M.; Butterbach-Bahl, K.; Rufino, M.C. How to target climate-smart agriculture? Concept and application of the

consensus-driven decision support framework “targetCSA”. Agric. Syst. 2017, 151, 234–245. [CrossRef]
83. Shirsath, P.B.; Aggarwal, P.K.; Thornton, P.K.; Dunnett, A. Prioritizing climate-smart agricultural land use options at a regional

scale. Agric. Syst. 2017, 151, 174–183. [CrossRef]
84. Aggarwal, P.K.; Jarvis, A.; Campbell, B.M.; Zougmore, R.B.; Khatri-Chhetri, A.; Vermeulen, S.J.; Loboguerrero, A.M.; Sebastian,

L.S.; Kinyangi, J.; Bonilla-Findji, O.; et al. The climate-smart village approach: Framework of an integrative strategy for scaling up
adaptation options in agriculture. Ecol. Soc. 2018, 23, 14. [CrossRef]

85. Dunnett, A.; Shirsath, P.B.; Aggarwal, P.K.; Thornton, P.; Joshi, P.K.; Pal, B.D.; Khatri-Chhetri, A.; Ghosh, J. Multi-objective land
use allocation modelling for prioritizing climate-smart agricultural interventions. Ecol. Modell. 2018, 381, 23–35. [CrossRef]

86. Li, M.; Singh, V.P.; Fu, Q.; Liu, D.; Li, T.; Zhou, Y. Optimization of agricultural water-food-energy nexus in a random environment:
An integrated modelling approach. Stoch. Environ. Res. Risk Assess. 2019, 35, 3–19. [CrossRef]

87. Bieber, N.; Ker, J.H.; Wang, X.; Triantafyllidis, C.; van Dam, K.H.; Koppelaar, R.H.E.M.; Shah, N. Sustainable planning of the
energy-water-food nexus using decision-making tools. Energy Policy 2018, 113, 584–607. [CrossRef]

88. Gil, J.D.B.; Garrett, R.D.; Rotz, A.; Daioglou, V.; Valentim, J.; Pires, G.F.; Costa, M.H.; Lopes, L.; Reis, J.C. Tradeoffs in the quest for
climate-smart agricultural intensification in Mato Grosso, Brazil. Environ. Res. Lett. 2018, 13, 064025. [CrossRef]

89. Nyborg, K.; Anderies, J.M.; Dannenberg, A.; Lindahl, T.; Schill, C.; Schlüter, M.; Adger, W.N.; Arrow, K.J.; Barrett, S.; Carpenter, S.
Social norms as solutions. Science 2016, 354, 42–43. [CrossRef] [PubMed]

90. Xu, X.; Sharma, P.; Shu, S.; Lin, T.-S.; Ciais, P.; Tubiello, F.N.; Smith, P.; Campbell, N.; Jain, A.K. Global Greenhouse Gas Emissions
from Animal-Based Foods Are Twice Those of Plant-Based Foods. Nat. Food 2021, 2, 724–732. [CrossRef] [PubMed]

91. Kabange, N.R.; Lee, S.M.; Shin, D.; Lee, J.Y.; Kwon, Y.; Kang, J.W.; Cha, J.K.; Park, H.; Alibu, S.; Lee, J.H. Multiple Facets of
Nitrogen: From Atmospheric Gas to Indispensable Agricultural Input. Life 2022, 12, 1272. [CrossRef] [PubMed]

92. Kabange, N.R.; Kwon, Y.; Lee, S.-M.; Kang, J.-W.; Cha, J.-K.; Park, H.; Dzorkpe, G.D.; Shin, D.; Oh, K.-W.; Lee, J.-H. Mitigating
Greenhouse Gas Emissions from Crop Production and Management Practices, and Livestock: A Review. Sustainability 2023,
15, 15889. [CrossRef]

93. Latake, P.T.; Pawar, P.; Ranveer, A.C. The Greenhouse Effect and Its Impacts on Environment. Int. J. Innov. Res. Creat. Technol 2015,
1, 333–337.

94. Mikhaylov, A.; Moiseev, N.; Aleshin, K.; Burkhardt, T. Global Climate Change and Greenhouse Effect. Entrep. Sustain. Issues 2020,
7, 2897–2913. [CrossRef] [PubMed]

https://doi.org/10.1002/jsfa.9693
https://www.ncbi.nlm.nih.gov/pubmed/30883757
https://doi.org/10.12972/pastj.20220007
https://doi.org/10.3390/su14010083
https://doi.org/10.1016/j.jclepro.2018.07.236
https://doi.org/10.1016/j.jretconser.2019.02.020
https://doi.org/10.1016/j.biosystemseng.2018.10.014
https://doi.org/10.1080/10496505.2019.1638264
https://doi.org/10.1109/TIM.2019.2947125
https://doi.org/10.1002/bse.2983
https://doi.org/10.3390/s20102990
https://doi.org/10.1016/j.jclepro.2020.125522
https://doi.org/10.1080/09537287.2019.1631462
https://doi.org/10.3390/foods6070053
https://doi.org/10.14674/IJFS-1096
https://doi.org/10.3390/su122310105
https://doi.org/10.1016/j.jclepro.2015.06.044
https://doi.org/10.1016/j.agsy.2015.12.011
https://doi.org/10.1016/j.agsy.2016.09.018
https://doi.org/10.5751/ES-09844-230114
https://doi.org/10.1016/j.ecolmodel.2018.04.008
https://doi.org/10.1007/s00477-019-01672-4
https://doi.org/10.1016/j.enpol.2017.11.037
https://doi.org/10.1088/1748-9326/aac4d1
https://doi.org/10.1126/science.aaf8317
https://www.ncbi.nlm.nih.gov/pubmed/27846488
https://doi.org/10.1038/s43016-021-00358-x
https://www.ncbi.nlm.nih.gov/pubmed/37117472
https://doi.org/10.3390/life12081272
https://www.ncbi.nlm.nih.gov/pubmed/36013451
https://doi.org/10.3390/su152215889
https://doi.org/10.9770/jesi.2020.7.4(21)
https://www.ncbi.nlm.nih.gov/pubmed/38637733


Foods 2024, 13, 1281 23 of 24

95. Smith, L.G.; Kirk, G.J.D.; Jones, P.J.; Williams, A.G. The Greenhouse Gas Impacts of Converting Food Production in England and
Wales to Organic Methods. Nat. Commun. 2019, 10, 4641. [CrossRef] [PubMed]

96. United Nations Environment Programme. Emissions Gap Report 2022: The Closing Window—Climate Crisis Calls for Rapid Transfor-
mation of Societies; UN: New York, NY, USA, 2022.

97. Manzano, P.; del Prado, A.; Pardo, G. Comparable GHG emissions from animals in wildlife and livestock-dominated savannas.
NPJ Clim. Atmos. Sci. 2023, 6, 27. [CrossRef]

98. European Commission. The Digital Economy and Society Index (DESI). Available online: https://digital-strategy.ec.europa.eu/
en/policies/desi (accessed on 22 February 2024).

99. Eurostat. Economic Accounts for Agriculture—Values at Constant Prices (2010 = 100). Available online: https://ec.europa.eu/
eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en (accessed on 5 March 2024).

100. Sachs, D.; Lafortune, G.; Fuller, G.; Drumm, E. Sustainable Development Report 2023. Available online: https://dashboards.
sdgindex.org/static/downloads/files/SDR2023-data.xlsx (accessed on 22 February 2024).

101. Eurostat. Air Emissions Accounts by NACE Rev. 2 Activity. Available online: https://ec.europa.eu/eurostat/databrowser/view/
env_ac_ainah_r2__custom_10475061/default/table?lang=en (accessed on 6 March 2024).

102. Garson, D. Partial Least Squares (PLS-SEM). Available online: https://www.smartpls.com/resources/ebook_on_pls-sem.pdf
(accessed on 14 February 2024).

103. Dash, G.; Paul, J. CB-SEM vs. PLS-SEM methods for research in social sciences and technology forecasting. Technol. Forecast. Soc.
Change 2021, 173, 121092. [CrossRef]

104. Ankamah, J.; Kodua, T.T.; Addae, M. Structural equation modelling of perception for sustainable agriculture as climate change
mitigation strategy in Ghana. Environ. Syst. Res. 2021, 10, 26. [CrossRef]

105. Li, Z.; Zhang, Q.; Li, Z.; Qiao, Y.; Du, K.; Yue, Z.; Tian, C.; Leng, P.; Cheng, H.; Chen, G.; et al. Different responses of agroecosystem
greenhouse gas emissions to tillage practices in a Chinese wheat–maize cropping system. Carbon Res. 2023, 2, 7. [CrossRef]

106. Barati, A.A.; Azadi, H.; Movahhed Moghaddam, S.; Scheffran, J.; Pour, M.D. Agricultural expansion and its impacts on climate
change: Evidence from Iran. Environ. Dev. Sustain. 2024, 26, 5089–5115. [CrossRef]

107. Hair, J.F.; Hult, G.T.M.; Ringle, C.M.; Sarstedt, M.; Ray, S. A Primer on Partial Least Squares Structural Equation Modeling (PLS-SEM),
3rd ed.; Sage: Thousand Oaks, CA, USA, 2022.

108. Ringle, C.M.; Wende, S.; Becker, J.-M. SmartPLS 4. Monheim am Rhein, Germany: SmartPLS. Available online: https://www.
smartpls.com (accessed on 12 February 2024).

109. Shmueli, G.; Ray, S.; Estrada, J.M.V.; Chatla, S.B. The elephant in the room: Predictive performance of PLS models. J. Bus. Res.
2016, 69, 4552–4564. [CrossRef]

110. Dijkstra, T.K.; Henseler, J. Consistent and asymptotically normal PLS estimators for linear structural equations. Comput. Stat.
Data Anal. 2015, 81, 10–23. [CrossRef]

111. Altshul, H.J.; McMillan, L.; Hall, A. The role of public research agencies in building agri-food bioscience impact and innovation
capacity in sub-Saharan Africa: The challenge beyond science capability. Int. J. Technol. Manag. Sustain. Dev. 2019, 18, 105–125.
[CrossRef]

112. Spendrup, S.; Fernqvist, F. Innovation in agri-food systems-a systematic mapping of the literature. Int. J. Food Syst. Dyn. 2019,
10, 402–427. [CrossRef]

113. Anderson, C.R.; Bruil, J.; Chappell, M.J.; Kiss, C.; Pimbert, M.P. From transition to domains of transformation: Getting to
sustainable and just food systems through agroecology. Sustainability 2019, 11, 5272. [CrossRef]

114. Klerkx, L.; Rose, D. Dealing with the game-changing technologies of Agriculture 4.0: How do we manage diversity and
responsibility in food system transition pathways? Glob. Food Secur. 2020, 24, 100347. [CrossRef]

115. Basso, B.; Antle, J. Digital Agriculture to Design Sustainable Agricultural Systems. Nat. Sustain. 2020, 3, 254–256. [CrossRef]
116. Tang, F.; Lenzen, M.; McBratney, A.; Maggi, F. Risk of Pesticide Pollution at the Global Scale. Nat. Geosci. 2021, 14, 206–210.

[CrossRef]
117. Lajoie-O’Malley, A.; Bronson, K.; van der Burg, S.; Klerkx, L. The future(s) of digital agriculture and sustainable food systems: An

analysis of high-level policy documents. Ecosyst. Serv. 2020, 45, 101183. [CrossRef]
118. Kamble, S.S.; Gunasekaran, A.; Gawankar, S.A. Achieving sustainable performance in a data-driven agriculture supply chain: A

review for research and applications. Int. J. Prod. Econ. 2020, 219, 179–194. [CrossRef]
119. Annovazzi-Jakab, L. Cutting Food Loss Where It Matters: Leveraging Digital Solutions for Greener Trade and Less

Waste—UNECE’s Impact Initiatives. In Proceedings of the UN-ESCWA Regional Meeting on Promoting Food and Water
Security in the Arab Region, Amman, Jordan, 27–28 November 2019.

120. Agrawal, R.; Majumdar, A.; Majumdar, K.; Raut, R.D.; Narkhede, B.E. Attaining sustainable development goals (SDGs) through
supply chain practices and business strategies: A systematic review with bibliometric and network analyses. Bus. Strategy
Environ. 2022, 31, 3669–3687. [CrossRef]

121. Mustofa, M.A.; Suseno, B.D.; Basrowi, B. Technological innovation and the environmentally friendly building material supply
chain: Implications for sustainable environment. Uncertain Supply Chain Manag. 2023, 11, 1405–1416. [CrossRef]

122. Tombe, R.; Smuts, H. Agricultural Social Networks: An Agricultural Value Chain-Based Digitalization Framework for an Inclusive
Digital Economy. Appl. Sci. 2023, 13, 6382. [CrossRef]

https://doi.org/10.1038/s41467-019-12622-7
https://www.ncbi.nlm.nih.gov/pubmed/31641128
https://doi.org/10.1038/s41612-023-00349-8
https://digital-strategy.ec.europa.eu/en/policies/desi
https://digital-strategy.ec.europa.eu/en/policies/desi
https://ec.europa.eu/eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/aact_eaa07__custom_10475106/default/table?lang=en
https://dashboards.sdgindex.org/static/downloads/files/SDR2023-data.xlsx
https://dashboards.sdgindex.org/static/downloads/files/SDR2023-data.xlsx
https://ec.europa.eu/eurostat/databrowser/view/env_ac_ainah_r2__custom_10475061/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/env_ac_ainah_r2__custom_10475061/default/table?lang=en
https://www.smartpls.com/resources/ebook_on_pls-sem.pdf
https://doi.org/10.1016/j.techfore.2021.121092
https://doi.org/10.1186/s40068-021-00230-8
https://doi.org/10.1007/s44246-023-00042-8
https://doi.org/10.1007/s10668-023-02926-6
https://www.smartpls.com
https://www.smartpls.com
https://doi.org/10.1016/j.jbusres.2016.03.049
https://doi.org/10.1016/j.csda.2014.07.008
https://doi.org/10.1386/tmsd_00001_1
https://doi.org/10.18461/ijfsd.v10i5.28
https://doi.org/10.3390/su11195272
https://doi.org/10.1016/j.gfs.2019.100347
https://doi.org/10.1038/s41893-020-0510-0
https://doi.org/10.1038/s41561-021-00712-5
https://doi.org/10.1016/j.ecoser.2020.101183
https://doi.org/10.1016/j.ijpe.2019.05.022
https://doi.org/10.1002/bse.3057
https://doi.org/10.5267/j.uscm.2023.8.006
https://doi.org/10.3390/app13116382


Foods 2024, 13, 1281 24 of 24

123. Pradhan, R.P.; Arvin, M.B.; Nair, M.; Bennett, S.E. Sustainable economic growth in the European Union: The role of ICT, venture
capital, and innovation. Rev. Financ. Econ. 2019, 38, 34–62. [CrossRef]

124. Trendov, N.M.; Varas, S.; Zeng, M. Digital Technologies in Agriculture and Rural Areas—Status Report; FAO: Rome, Italy, 2019.
125. Bene, C.; Oosterveer, P.; Lamotte, L.; Brouwer, I.D.; de Haan, S.; Prager, S.D.; Talsma, E.F.; Khoury, C.K. When food systems meet

sustainability—Current narratives and implications for actions. World Dev. 2019, 113, 116–130. [CrossRef]
126. Nordmark, L.; Skjöldebrand, C.; Johansson, C.; Segerström, M.; Tahir, I.; Gilbertsson, M.; Ellner, F.; Oskarsson, M.; Hydbom, O.;

Jensen, J. Launch of IoT and artificial intelligence to increase the competitiveness in Swedish apple and grapevine production.
Proc. ISHS Acta Hortic. 2021, 1, 235–240. [CrossRef]

127. Neethirajan, S.; Kemp, B. Digital Livestock Farming. Sens. Bio-Sens. Res. 2021, 32, 100408. [CrossRef]
128. Mishakov, V.Y.; Daitov, V.V.; Gordienko, M.S. Impact of Digitalization on Economic Sustainability in Developed and Developing

Countries. In Sustainable Development of Modern Digital Economy; Springer: Berlin/Heidelberg, Germany, 2021; pp. 265–274.
[CrossRef]

129. Mondejar, M.E.; Avtar, R.; Diaz, H.L.B.; Dubey, R.K.; Esteban, J.; Gomez-Morales, A.; Hallam, B.; Mbungu, N.T.; Okolo, C.C.;
Prasad, K.A.; et al. Digitalization to achieve sustainable development goals: Steps towards a Smart Green Planet. Sci. Total
Environ. 2021, 794, 148539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/rfe.1064
https://doi.org/10.1016/j.worlddev.2018.08.011
https://doi.org/10.17660/ActaHortic.2021.1314.30
https://doi.org/10.1016/j.sbsr.2021.100408
https://doi.org/10.1007/978-3-030-70194-9_26
https://doi.org/10.1016/j.scitotenv.2021.148539

	Introduction 
	The Literature Review 
	Digitalization in Agriculture 
	Sustainability and Innovation in the Food System 
	The Impact of the Agri-Food Chain on the Environment and GHG Emissions 

	Materials and Methods 
	Results 
	Discussion 
	Theoretical Implications 
	Practical Implications 
	Limitations and Further Research 

	Conclusions 
	Appendix A
	References

