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Introduction: The study addresses the critical challenge of uneven digital
technology adoption and its varied impact on sustainability in the agricultural
sector globally. It investigates how digital technologies can be leveraged to
enhance key sustainability metrics, including renewable energy integration
and resource efficiency, within the bioeconomy framework. Focusing on the
integration of digital tools and their efficacy in enhancing key sustainability
metrics, this study aim to provide insights into how digital innovations can bolster
sustainable agricultural practices across diverse environmental, regulatory, and
socio-economic landscapes.
Methods: A mixed-methods research design was employed, combining
quantitative analysis of sustainability indicators with qualitative assessment
of regional socio-economic and infrastructural conditions. Empirical data
were collected from multiple international regions and aggregated at the
regional level. Correlation analysis and multivariable ordinary least squares
regression models were applied to examine the relationship between digital
technology adoption and sustainability outcomes, controlling for policy support,
infrastructure availability, and economic context. Sensitivity analysis was
conducted by systematically varying input parameters to assess the robustness
of model results.
Results and discussion: Study results show that areas exhibiting elevated
rates of technological adoption, including Europe and North America,
exhibit significant advancements in sustainability metrics, such as enhanced
integration of renewable energy sources and improved resource efficiency.
In contrast, Asia and Africa exhibit modest improvements, which highlights
the critical need for region-specific strategies to overcome infrastructural and
adoption barriers. This study develops a model that quantifies the relationship
between digital technology adoption and sustainability improvements across
different agricultural contexts. Findings highlight the need for promoting
technological parity to achieve holistic agricultural sustainability and leverage
digital technologies for climate resilience, food security, and renewable energy
use in agriculture.

KEYWORDS

agri-tech adoption, circular bioeconomy, digital technologies, global agriculture,
sustainability metrics

1 Introduction

The integration of digital technologies with sustainable agricultural methodologies is
significantly transforming the global agricultural landscape, driven by the urgent need
to address challenges like climate change, food security, and the ecological impacts
of traditional farming. However, the effectiveness of these technologies in promoting
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sustainability varies widely across different regions, influenced
by numerous contextual factors. Moreover, the lack of a
comprehensive framework to assess their impact limits their
broader adoption and effectiveness. This necessitates a thorough
evaluation that includes regional socio-economic, environmental,
and policy dimensions to clarify digital technologies’ role in
advancing sustainable agricultural practices, marking a major
paradigm shift in how agricultural methods are developed and
applied (Rennings et al., 2023; Golembiewski et al., 2015).

The bioeconomy is defined here as a sector of the economy that
produces renewable raw materials (biomass) and processes these
raw materials and waste of biological origin into products with
added value. It provides a conceptual framework that integrates
sustainable biomass production and conversion into consumables,
bio commodities and bioenergy and has become a critical model
for addressing pressing global issues such as climate change, food
security and resource management (Mccormick and Kautto, 2013;
Gawel et al., 2019; Diakosavvas and Frezal, 2019; Bell et al., 2018).
Digital technologies are being integrated into agricultural systems
at an unprecedented speed, ranging from big data analysis to
remote monitoring and artificial intelligence, which fundamentally
alters traditional agricultural methodologies (TWI2050, 2020;
Knell, 2021; Gebresenbet et al., 2023; Sharma et al., 2022; Mana
et al., 2024).

The bioeconomy encompasses economic activities based on
the sustainable use of biological resources (Rojas-Serrano et al.,
2024; Befort, 2020; Bugge et al., 2016; Egea et al., 2021; European
Commission, 2022; European Environment Agency, 2018; Tan
and Lamers, 2021) and circular resource flows (von Braun, 2020;
Watanabe et al., 2018; Zeverte-Rivza et al., 2023; Mboli et al.,
2022; Fielke et al., 2020), integrating biomass production and
renewable resource conversion with innovative technologies (Fielke
et al., 2020; Goller et al., 2021; Liobikiene et al., 2021; Tsegaye
et al., 2021; Zabaniotou, 2018). Together, these trends are driving
a new wave of innovation aimed at enhancing sustainability in
agriculture, a critical sector that sits at the heart of the agricultural
bioeconomic model (Prakasa Rao et al., 2021; Bhagat et al., 2022).
Incorporating the concepts of digital sustainability and sustainable
agriculture, this paper aims to systematically evaluate the role of
digital tools in promoting sustainable agricultural outcomes across
various global regions. Sustainability in this context is defined as
the capacity to maintain agricultural productivity, environmental
health, and socio-economic well-being over time, ensuring that
current needs are met without compromising the ability of future
generations to meet their own requirements (Rosati et al., 2024).
Digital sustainability, in turn, is described as the application of
digital technologies to monitor, evaluate, and enhance sustainability
metrics, promoting data-driven strategies to optimize the efficiency
and effectiveness of sustainable practices (Giuliani and Baron,
2023).

In this research, sustainability is assessed through measurable
indicators, including reductions in greenhouse gas emissions,
improvements in water use efficiency, increases in carbon
sequestration, and the share of renewable energy in farm
operations. Digital technology adoption is quantified using a
composite index that reflects adoption rate, cost accessibility,
and integration of digital tools into agricultural management
systems. These concepts guide the analysis throughout the paper,

providing a structured lens through which the impact of digital
tools is assessed.

The Common Agricultural Policy (CAP) of the European
Union constitutes a pivotal instrument for fostering sustainable
agricultural transformation through the integration of digital
innovation, environmental objectives, and targeted policy support
(Pe’er et al., 2020; Abiri et al., 2023). Within this framework,
digitalization is promoted as a mechanism to enhance efficiency,
transparency, and evidence-based decision-making in agricultural
management. Policy frameworks of this kind increasingly depend
on territorial data integration to monitor patterns of technological
adoption, assess regional disparities, and inform adaptive
governance strategies. In this study, the CAP serves as an analytical
reference point for examining how policy-driven digitalization
can advance sustainability objectives within the broader context of
agricultural bioeconomy development.

Sustainability within the domain of agriculture encompasses
the judicious utilization of natural resources (Obaisi et al.,
2022) to fulfill present food production requirements without
jeopardizing the capacity of subsequent generations to satisfy
their own requirements (United Nations, 1987). This endeavor
necessitates a comprehensive methodology that accounts for
environmental, economic, and social dimensions (Chkarat et al.,
2023; McCampbell et al., 2023; Muhie, 2022; Kamakaula, 2024;
Hariram et al., 2023). Digital technologies present unparalleled
opportunities to progress sustainability objectives by furnishing
accurate, real-time data that can enhance decision-making
processes (Kim and Kim, 2022), optimize the utilization of
resources (Peng et al., 2023), and ultimately diminish the
environmental impact of agricultural practices (Wang et al.,
2024; Balasundram et al., 2023). The implementation of sensors
and Internet of Things (IoT) devices enables the systematic
observation of soil moisture content, crop health and nutrient
levels, allowing farmers to administer inputs with enhanced
precision. These advancements aid in the sustainable advancement
of land management methodologies (Rajak et al., 2023; Karuna
et al., 2024; Islam et al., 2023; Choubey et al., 2024). Bioeconomy
necessitates the formulation and utilization of comprehensive
sustainability indicators. Such indicators are essential for evaluating
the repercussions of agricultural practices on the environment.
Digital technologies provide essential data for assessing the
environmental, economic, and social dimensions of agricultural
sustainability. Their integration with quantifiable indicators
enhances analytical precision, comparability, and policy relevance,
marking a substantive advancement in the development of data-
informed approaches within the agricultural bioeconomy (Wei
et al., 2022; Barañano et al., 2021; Frisvold et al., 2021; Trigo
et al., 2023; Dönmez et al., 2024; Wijerathna-Yapa and Pathirana,
2022; Wang and Mei, 2024). Although digital technologies
are often portrayed as unequivocal enablers of sustainability,
empirical evidence suggests a more nuanced reality. Several
studies indicate that digitalization does not automatically lead
to improved sustainability outcomes and may, in some contexts,
generate mixed or even adverse effects. High investment and
maintenance costs, limited digital literacy, unequal access to
infrastructure, and data ownership concerns can constrain benefits
or exacerbate existing inequalities, particularly among smallholder
farmers and in low-income regions. In some cases, efficiency
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gains from digital tools may also increase resource use through
rebound effects, offsetting environmental improvements. These
findings highlight the importance of contextual conditions in
shaping the sustainability impacts of digital technologies. Although
previous research has explored how digital technologies are
used in agriculture, many of these studies have focused on
specific regions or individual tools, without offering broader
comparisons or using consistent measures of sustainability. Often,
they don’t provide solid empirical evidence linking the use of
digital tools to actual improvements in sustainability, in areas
with different levels of infrastructure and economic development.
This study aims to fill those gaps by developing a data-driven,
comparative framework that connects digital technology adoption
with measurable sustainability improvements across a range of
global contexts.

The objective of this investigation is to assess the efficacy
of digital sustainability metrics in augmenting agricultural
sustainability across various global regions, emphasizing their
ability to incorporate sophisticated digital technologies for the
enhancement of decision-making processes, the optimization
of resource utilization, and the reduction of environmental
repercussions within the context of the bioeconomy paradigm.

2 Research methods

This research utilizes a mixed-methods approach to evaluate
the effectiveness of digital instruments in promoting agricultural
sustainability across distinct global locales. Methodological
framework incorporates empirical data acquisition, quantitative
evaluations, and qualitative analyses, facilitating a comprehensive
investigation of the influence of digital technologies within the
agricultural domain. The methodology applied and delineated in
the subsequent Table 1 is in close alignment with the principles of
quantitative research as articulated by Creswell (2002) and Kumar
(2018).

2.1 Data sources and collection

The research undertakes a comparative analysis of tool
adoption across Europe, America, Asia, and Africa, elucidating
regional discrepancies and potential strategies for improving
accessibility. A non-probability purposive sampling strategy was
applied in this study. Respondents were selected based on their
direct involvement in agricultural production, advisory services, or
policy-related activities relevant to digital agriculture. To increase
regional diversity and representation, snowball sampling was
additionally employed, particularly in regions with limited access
to formal farmer registries and digital communication channels.
While this approach does not allow for full statistical generalization,
it is appropriate for exploratory cross-regional analysis and
aligns with the mixed-methods design of the study. Data were
compiled from multiple international sources, including the
Food and Agriculture Organization (FAO), International Energy
Agency (IEA), World Bank. The literature search was conducted
as a structured keyword-based review using the databases
MDPI (mdpi.com), ResearchGate (researchgate.net), Elsevier

(sciencedirect.co), and Springer (springerlink.com). The search
combined thematic and methodological terms to capture studies
addressing the intersection of digitalization and sustainability
in agriculture. The main keywords included combinations such
as “digital agriculture,” “agricultural bioeconomy,” “sustainable
farming,” “digital transformation,” “precision agriculture,” “renewable
energy in agriculture,” and “data-driven sustainability.” Boolean
operators (AND, OR) were used to refine the search results,
and the selection focused on publications from 2010 onwards to
reflect the period of accelerated digital adoption in agriculture. In
total, 186 records were retrieved through the database search, and
following the screening of titles and abstracts, 94 studies meeting
the inclusion criteria were retained for detailed content analysis.

Secondary datasets were complemented by a structured
survey conducted between March and July 2023, covering
290 respondents (r.) across Europe (82 r.), the Americas
(81 r.), Asia (70 r.), and Africa (57 r.). To ensure clarity
regarding the study’s geographical scope, all countries included
in the survey sample are listed with respondent counts in
Supplementary material 1, and all regional references in the
analysis are explicitly qualified as referring only to the countries
represented in this sample. Respondents included farmers,
agronomists, and policymakers, providing diverse perspectives
on digital adoption and sustainability outcomes. To improve
coverage in areas with limited internet access, both online and
telephone modes were employed, minimizing sampling bias. Out
of 290 respondents, approximately 200 (∼69%) were farmers,
60 (∼21%) were agronomists or researchers, and 30 (∼10%)
were policymakers. The role of the survey responses is primarily
descriptive and corroborative. We did not treat each survey
respondent as an independent observation in the main regressions.
Instead, survey results were aggregated and used to construct
indices or to validate patterns observed in secondary data.

The questionnaire was organized into four thematic sections.
(1) Digital tool usage: respondents identified the types of digital
tools they use and reported the frequency of use in their operations.
(2) Perceived sustainability impacts: questions probed how these
tools affect sustainability outcomes, whether farmers observed
improvements in resource efficiency, enhanced crop yields or
quality, or other environmental benefits attributable to digital
tool adoption. (3) Barriers to adoption: the survey asked about
challenges limiting wider use of digital tools, including financial
barriers, infrastructural issues, and human-capacity factors. (4)
Policy and institutional support: finally, respondents were asked
about external support mechanisms like awareness of government
programs, extension services, or corporate initiatives providing
training, subsidies, or technical support for digital agriculture,
and how these influence their adoption decisions. To enhance
transparency, key aggregate findings were summarized from this
survey as part of the methods. The full survey questionnaire is
provided in the Supplementary material 1.

2.2 Variable definition and categorization

Sustainability was operationalized through four core
quantitative indicators: (i) carbon sequestration (t CO2/ha):
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TABLE 1 Utilization of tools and strategies for sustainable agriculture across continents (2021/2022).

Category Europe Asia America Africa

Organic farming 10.5% of agricultural land
(16.9 Mha)

∼2.3% of agricultural land (∼8.2
Mha)

0.5% of agricultural land (∼3.6
Mha)

∼1.1% of agricultural land (∼2.7
Mha)

Leading countries Austria (26.1%), Estonia
(22.4%), Sweden (20.4%)

India (2.8 million ha), China (2.3
million ha)

Argentina (3.6 million ha), USA
(2.3 million ha)

Ethiopia (332,000 ha), Tanzania
(287,000 ha)

Agri-environmental
measures (AEM)

17% of agricultural area Limited data, varying adoption 10% of agricultural area (North
America)

Limited adoption, mostly in pilot
stages

Precision agriculture 25–30% adoption rate 5–10% adoption rate 20–25% adoption rate (higher in
the US)

<5% adoption rate

Integrated pest
management

70–80% adoption rate 40–50% adoption rate 60–70% adoption rate 30–40% adoption rate

Sustainable soil
management

45% of arable land 30–35% of arable land 35–40% of arable land 25–30% of arable land

Renewable energy use >5% of farms with solar/wind
installations

<5% of farms with solar/wind
installations

7–10% of farms (higher in the US
and Brazil)

<3% of farms with solar/wind
installations

Water management 25% of irrigated land with
advanced techniques

15–20% of irrigated land with
advanced techniques

20–25% of irrigated land 10–15% of irrigated land with
advanced techniques

Agroforestry 3.6% of agricultural land 2–3% of agricultural land 2–3% of agricultural land 5–7% of agricultural land

Circular agriculture >50% of agricultural waste
recycled

20–25% of agricultural waste
recycled

30–35% of agricultural waste
recycled

15–20% of agricultural waste
recycled

Government and
support

Strong CAP, Green Deal,
Farm to Fork Strategy

Varying support, increasing in
countries like India

Varies, strong in the US and
Brazil

Limited, growing support in East
and Southern Africa

Data collection and analysis: data were collected from national agricultural statistics databases, environmental impact reports, and direct surveys with farming operations. Statistical analyses
included correlation and regression models to understand the influence of governmental support and technological infrastructure on adoption rates.
Sources: Detailed references for data sources and methodologies are provided in references 75–80.

atmospheric carbon stored in soil and biomass; (ii) water use
efficiency (kg/m3): ratio of yield to water use; (iii) greenhouse gas
emission reduction (CO2e): measured via life-cycle assessment
data; (iv) renewable energy share (%): proportion of total farm
energy derived from renewable sources.

Digital technology adoption was evaluated through a composite
index combining adoption rate, cost accessibility (free, freemium,
paid), and integration level within farm management. Data were
categorized into low (<40%), moderate (40–70%), and high
(>70%) adoption rates to enable comparative regional analysis.

Archival data were aggregated from credible and esteemed
sources, including the (Word Bank Group, 2023), the
(International Energy Agency, 2023), the (Food and Agriculture
Organization, n.d.), as well as additional environmental (EBSCO
Information Services, 2023; CABI, 2023; Proquest Natural
Sciences Database, 2023; Glogal Environmental Database,
2023; Environmental Impact Statement Database, 2023)
and economic (AMECO Database, 2023; Fiscal Governance
Database, 2023; World Economic Outlook Database, 2023;
Organisation for Economic Co-operation and Development, 2023;
Kuhlman and Farrington, 2010; EUROSTAT, n.d.; Circularity
Gap Report, n.d.; Marcet Research Intellect, n.d.; STATISTA,
n.d.a,n; FIBL, n.d.; Food and Agriculture Organization of
the United Nations, 2023; Climate FieldView, n.d.; Circular
Economy Coalition, n.d.; Crop X, n.d.; Trimble Agriculture
Solutions, n.d.; TWI2050, 2019) repositories. Baseline values
for each sustainability metric were estimated based on data
from approximately 2010, a time period before the widespread
adoption of digital tools in sustainability practices. These values

represent the performance of each metric without significant
digital intervention.

Baseline values for each sustainability metric were established
using data from 2010, representing the pre-digital adoption phase
in most agricultural systems. Current values were obtained for
2023, providing a temporal comparison that highlights long-term
trends and the influence of digital and non-digital factors on
sustainability outcomes.

Improvement (%) for each metric was calculated using the
following formula:

Improvement (%) = Baseline Value (2010) − Current Value (2023)
Baseline Value (2010)

× 100

This formula calculates the percentage improvement in
each sustainability metric, indicating the impact of various
interventions, including digital tools. This calculation also provides
the percentage increase or decrease in each sustainability metric
over the period.

2.3 Analytical procedures

The multi-variable regression models include several control
variables to account for structural and contextual differences
across regions. Specifically, the models control for (i) policy
support intensity, (ii) infrastructure availability (proxied by
rural internet access and energy infrastructure indicators),
and (iii) economic context. These controls allow for a more
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accurate isolation of the effect of digital technology adoption on
sustainability outcomes.

A stepwise analytical design was applied: (i) literature
review and variable identification; (ii) data normalization
and aggregation by region; (iii) correlation and regression
analyses to determine relationships between digital adoption and
sustainability indicators.

The correlation between adoption rates and sustainability
outcomes was evaluated using a 1–10 ordinal scale, where higher
scores denote stronger associations. This semi-quantitative scale
integrates quantitative improvements and contextual qualitative
assessment. Multi-variable regression controlled for confounding
factors such as policy support and infrastructure, isolating the effect
of digital adoption.

According to Ahmadi-Gh Ahmadi-Gh and Bello-Pintado
(2022), higher adoption rates generally correlate with stronger
sustainability outcomes and effectively implementing sustainability
practices improves sustainability outcomes, which then enhances
manufacturing firms’ competitive ad-vantage, highlights the
benefits of sustainability. This is also proven by research conducted
by other scientists such as Neves et al. (2022); Cary et al. (2001),
or Piñeiro et al. (2020). Some researchers highland that significant
improvements in key metrics suggest a higher correlation (Hauser
and Katz, 1998; Hong et al., 2006; Varga et al., 2006; Manheim,
2023). Consideration of regional factors, such as infrastructure
development, government policies, and socioeconomic conditions,
which could influence the effectiveness of digital tools was approved
in studies conducted by several scientists in recent years (Katz and
Koutroumpis, 2013; Nambisan et al., 2019; Plekhanov et al., 2023;
Du et al., 2022; Akimov and Akimova, 2023; Alojail and Khan,
2023).

The correlation score was derived from a combination of
quantitative analysis (improvement percentage) and qualitative
assessment (regional context and additional influencing factors)
and sensitivity analysis was conducted to ensure that the assigned
correlation scores are robust. This involved varying the input
data (e.g., changing the adoption rates by ±10%) and observing
the impact on the improvement percentages and correlation
scores. This step helped in validating the reliability of the
correlation estimation. The sensitivity analysis was conducted
by systematically varying the digital adoption index values by
±10% and ±20% to assess the stability of estimated correlations
and regression coefficients. The resulting changes in sustainability
improvement percentages remained within a ±5% margin for
Europe and North America and within ±8–10% for Asia
and Africa, indicating moderate to high robustness of the
model outcomes. No reversal in the direction of relationships
was observed under these variations, suggesting that the main
findings are not highly sensitive to reasonable fluctuations in
input assumptions.

For the quantitative analysis, correlation analysis and multi-
variable regression modeling were employed to examine the
relationship between digital tool adoption and improvements
in sustainability metrics. We employed an OLS multi-variable
regression model of the form: Sustainability Improvement = β0 +
β1(Digital Adoption) + β∗2(Policy Support) + β3∗(Infrastructure)
+ β4∗(Economic context) + . . . + ε. Here, ‘Policy Support’

was represented by an ordinal score reflecting the strength of
digital-agriculture initiatives. ‘Infrastructure’ was proxied by rural
broadband access rates and energy availability, and ‘Economic
context’ by GDP per capita and related socioeconomic indicators.
This allowed us to control for structural differences across regions.
The regression models controlled for potential confounding factors
such as policy support, infrastructure availability, and economic
context, to better isolate the effect of digital adoption. All regression
results were evaluated for statistical significance using a significance
level of α = 0.05. In other words, we only considered an observed
relationship to be meaningful if there was less than a 5% probability
that it occurred by chance. Key outcomes of the regression
analysis are reported with their p-values in the results section to
indicate their significance. This rigorous assessment ensures that
the correlations and trends we report are statistically robust and
not artifacts of random variation.

All regression analyses were performed using ordinary
least squares to explore the relationship between digital
adoption and sustainability outcomes, controlling for regional
differences. The full outputs of the regression models, including
coefficients, confidence intervals, and p-values, are provided in
Supplementary material 2, along with model fit statistics and the
reference category used for categorical variables.

2.4 Validation procedures

To ensure the reliability of the results, several validation steps
were applied. Data entries and calculations were independently
cross-checked to minimize transcription errors and ensure internal
consistency. Key trends were also compared with external sources,
including FAO and World Bank data, confirming that observed
sustainability improvements between 2010 and 2023 align with
established global patterns.

Model robustness was further tested through sensitivity
analysis by adjusting the digital adoption index by ±10% (and
±20% in selected cases). These variations resulted in only
minor changes in sustainability improvement rates (around 5%
in Europe and North America and up to 10% in Asia and
Africa) and did not affect the direction or significance of the
relationships. The composite score linking digital adoption and
sustainability outcomes was constructed using equal weighting
of correlation strength, improvement magnitude, and contextual
factors, preventing any single dimension from dominating the
assessment. All statistical results were evaluated at a 5% significance
level (α= 0.05). Together, these checks indicate that the framework
is robust and that the reported relationships are not driven by data
or modeling artifacts.

2.5 Bias management

Potential sampling and data-related biases were addressed
through several mitigation measures. A purposive, regionally
diverse sampling strategy, complemented by snowball recruitment,
was used to capture a wide range of agricultural contexts.
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To reduce access-related bias, data collection combined online
surveys with telephone interviews in areas with limited internet
connectivity, improving inclusion of remote and under-resourced
respondents. Regional balance was maintained by ensuring
comparable representation from Europe, the Americas, Asia,
and Africa. As the sampling was non-probabilistic, findings are
interpreted as exploratory rather than fully generalizable.

All responses underwent systematic data cleaning and
consistency checks. Records with substantial missing or
contradictory information were excluded from quantitative
analysis, while minor omissions were handled through pairwise
deletion. Statistical imputation was not applied, as sufficient
complete cases were available. To limit response and interviewer
bias, participation was anonymous and interviewers followed
standardized, neutral questioning protocols.

3 Results

The establishment and validation of the digital sustainability
framework confirm that a structured, data-driven integration
of digital adoption indicators with sustainability metrics can
significantly improve agricultural outcomes. The framework
connects four key sustainability indicators: carbon sequestration,
greenhouse gas emission reduction, water use efficiency, and
renewable energy share with measures of digital adoption,
including adoption rate, cost accessibility, and technological
integration (Kalluri, 2023; Martínez-Peláez et al., 2023; Piacentini
and Della Ceca, 2017). The economic and social impact assessment
shows persuasive evidence that integrating digital tools in
agriculture is not only ecologically beneficial but also economically
feasible (Papadopoulos et al., 2024; MacPherson et al., 2022; Fabiani
et al., 2020; Birner et al., 2021). The ability of these tools to
bridge the disparity between smallholder and large-scale farmers is
particularly significant. By making advanced technology accessible
to all, these tools can help reduce inequality within the agricultural
sector (Papadopoulos et al., 2024; MacPherson et al., 2022; Fabiani
et al., 2020; Birner et al., 2021).

Moreover, the integration of gas within the green taxonomy
underscores its pivotal function in reconciling immediate
sustainability ambitions with long-term decarbonization targets.
In numerous regions, particularly in rural locales characterized
by limited access to sophisticated renewable technologies, biogas
emerges as a pragmatic and scalable solution for fulfilling energy
requirements while being congruent with sustainability tenets.
This ensures that circular bioeconomy models remain inclusive
and responsive to a variety of socio-economic and geographical
conditions (Trendov et al., 2019; Rolandi et al., 2021; Slavova and
Barrett, 2011; Qi and You, 2024).

The anticipated resilience to climate change represents
another critical advantage, as it implies that these instruments
could significantly assist agricultural communities in adapting to
fluctuating environmental conditions. Below is a comparative table
illustrating the application of tools and strategies for sustainable
agriculture across various continents: Europe, Asia, America, and
Africa. The statistics presented are based on the most recent
available data:

Research consistently shows that Europe leads in organic
farming, which aligns with the findings that a significant percentage
of land in Europe is dedicated to organic practices. Studies by
the Research Institute of Organic Agriculture (FiBL) highlight
that Europe not only has the highest proportion of organic
farmland but also the most developed markets for organic
products (FiBL, n.d.). In contrast, Asia and Africa are noted
to be lagging, although countries like India and China are
making strides in organic farming, as supported by various studies
indicating growth in organic certification and consumer demand in
these regions.

The structured implementation of AEM in Europe is
corroborated by research from the European Commission,
which illustrates how EU policies have effectively integrated
environmental considerations into agricultural practices. This
contrasts sharply with findings from other continents, particularly
Africa, where AEM practices are often in pilot stages or adopted
inconsistently, as noted in studies by the Food and Agriculture
Organization (FAO). The higher adoption rates of renewable
energy in North America compared to Africa aligns with findings
from the World Bank, which indicate that while North America is
leveraging renewable technologies, Africa faces challenges such as
infrastructure and investment gaps.

The trend of recycling agricultural waste in Europe, followed
by America, is well-documented in various sustainability reports
(Teagasc, n.d.; European Commision, n.d.; Asian Agri, n.d.; Golden
Agri-Resources Ltd, n.d.). Research indicates that while Asia and
Africa are making gradual improvements, they still lag behind,
emphasizing the need for policy support and innovation in waste
management practices.

Emerging Technologies Precision agriculture adoption
increasing, with 25–30% of farms utilizing drones and sensors 15–
20% of farms implementing data analytics for crop management
10–15% of farms using AI for yield prediction 5–10% of farms
exploring blockchain for supply chain transparency. Emerging
trends in sustainable practices show a shift toward regenerative
agriculture, with 10–15% of farms adopting cover cropping
and agroforestry techniques. Additionally, there is a rising
interest in organic farming, with approximately 8–12% of farms
transitioning to certified organic practices, reflecting a broader
consumer demand for sustainable food sources. Moreover,
governmental programs and private sector investments are
significantly contributing to the enhancement of accessibility to
these technologies, thereby enabling smallholder farmers to reap
the benefits of innovations in agricultural methodologies.

The formulation and validation of the digital sustainability
framework elicits apprehensions regarding the excessive
dependence on digital instruments, which may not necessarily
culminate in enhanced sustainability outcomes. Although
participatory design workshops are underscored as advantageous,
there exists a potential risk that these may inadequately encapsulate
the diverse viewpoints of all stakeholders, thereby resulting
in a framework that neglects to address the requirements
of marginalized groups within the agricultural domain.
The prioritization of user engagement, while significant,
may inadvertently divert focus from systemic challenges that
necessitate more than mere technological adoption to achieve
authentic sustainability.
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The concept of continuous feedback mechanisms may be
overly idealistic, given that they can be resource-demanding and
may not produce actionable insights. Dependence on data-driven
modifications could inadvertently foster a preoccupation with
metrics at the expense of substantive change, thereby undermining
the overarching objectives of sustainability. While it is imperative
to monitor the effects on environmental and economic metrics,
this practice may engender pressure to favor short-term advantages
over enduring ecological well-being.

Collaboration with local communities, despite its advantages,
may not invariably translate into effective ownership and
accountability. In certain instances, external interventions have
the potential to disrupt traditional practices, leading to a reliance
on digital solutions rather than promoting authentic community-
driven initiatives. The assumption that digital instruments
possess the capability to successfully mitigate the disparities
between smallholder and large-scale agricultural producers’
neglects to recognize the deeply rooted structural inequities that
continue to exist within the agricultural domain, wherein the
allocation of resources and technological advancements remains
unevenly distributed.

The assessment of economic and social impacts may present
a unidimensional perspective, accentuating the advantages of
digital tools without sufficiently addressing potential drawbacks,
such as job displacement resulting from automation or the
risk of exacerbating existing inequalities. Although the creation
of jobs and enhancement of market dynamics are referenced,
the ramifications of these transitions on smallholder farmers
and rural communities necessitate a more nuanced scrutiny.
The comparative table illustrating the application of tools and
strategies for sustainable agriculture across various continents may
inadvertently simplify intricate regional dynamics. The statistics
provided could obscure significant disparities within nations and
fail to adequately capture the challenges confronted by farmers in
less developed regions. The reliance on broad classifications may
neglect local innovations and practices that are not incorporated
within the data.

Additionally, the optimistic forecasts regarding resilience to
climate change may fail to consider the unpredictable nature
of environmental alterations and the limitations of technology
in addressing these pressing challenges. The claim that digital
instruments can significantly enhance sustainability outcomes
must be approached with circumspection, acknowledging that
technology in isolation cannot resolve the multifaceted dilemmas
associated with climate change and agricultural sustainability. A
more integrative approach that amalgamates traditional practices,
communal knowledge, and sustainable land management strategies
is imperative for the realization of long-term sustainability
in agriculture.

Results show that various sustainability practices are
implemented across different continents, each utilizing
distinct methods to meet environmental, economic, and
social sustainability guidelines. In Europe, there is significant
integration of renewable energy sources and efforts in carbon
sequestration within the agricultural and forestry sectors, as well
as high rates of waste recycling and sustainable biomass use.
Asia is noted for its growth in bio-based product manufacturing

and efforts to improve land use efficiency and biodiversity
conservation. America has experienced considerable growth
in renewable energy capacities, particularly in wind, solar,
and bioenergy sectors, and is actively implementing bio-based
circular economy initiatives. Africa is focusing on expanding
local bio-based industries and increasing access to renewable
energy in rural areas, with emerging initiatives in carbon
farming and biodiversity protection, demonstrating a proactive
approach to sustainability despite various challenges. These
findings highlight the regional approaches to implementing
sustainability practices, reflecting their unique priorities and
developmental contexts.

The empirical evidence concerning sustainability metrics
aimed at propelling the bioeconomy across various continents
elucidates unique patterns and avenues for growth, especially when
juxtaposed with the prevailing literature in this domain. The
preeminence of Europe within bio-based industries is congruent
with insights from other scholarly works, notably those produced
by the European Commission, which accentuate the economic
ramifications of bio-based sectors within the European Union.
Conversely, investigations centered on the African continent,
such as those conducted by the African Development Bank,
underscore the region’s potential for establishing indigenous bio-
based industries, thereby indicating an urgency for strategic
investments and policy frameworks to capitalize on this potential.
Nonetheless, while the burgeoning capacity for wind and solar
energy in Asia is acknowledged, it remains imperative to address
the obstacles to rural energy accessibility in Africa, as delineated
in analyses by the World Bank. This underscores a pivotal area for
intervention aimed at improving energy equity.

The revelations pertaining to Europe’s sustainable biomass
methodologies are in harmony with the reports disseminated by
the Global Bioenergy Partnership, which stress the significance
of sustainable sourcing practices. Investigations originating from
Asia similarly indicate a growing inclination toward sustainable
methodologies; however, the necessity for Africa to bolster its
biomass utilization is in line with scholarly works advocating
for integrated resource management paradigms. The focus on
land productivity prevalent in Europe and Asia is consistent with
research conducted by the Food and Agriculture Organization
(FAO), which champions sustainable land management practices.

The enhancements observed in biodiversity indices within
Europe resonate with findings from ecological research, while
the difficulties encountered by Asia and Africa in advancing
biodiversity-friendly practices are thoroughly documented in
literature promoting sustainable land utilization. In a similar vein,
the necessity for improved water governance in these regions is
accentuated in hydrological studies that elucidate the inefficiencies
inherent in current irrigation systems. The focus on innovation
and investment in research related to bioeconomy technologies
is aligned with studies advocating for augmented funding and
support for research and development in developing regions,
thereby highlighting a crucial area requiring policy attention. The
elevated employment rates within bio-based sectors in Europe,
in comparison to the latent potential in Asia and Africa, are
substantiated by labor market research. The existing literature
on sustainable finance underscores the imperative for enhanced
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investment in green initiatives, particularly in developing regions,
to foster job creation and stimulate economic growth.

These findings from the sustainability metrics for the
bioeconomy reflect a comprehensive understanding of current
trends and challenges across continents. They align with existing
research while highlighting significant opportunities for growth,
particularly in Asia and Africa. The comparative analysis
underscores the need for targeted interventions, policy frameworks,
and international cooperation to foster a more sustainable and
equitable bioeconomy globally. Engaging local communities and
stakeholders in these initiatives is imperative to guarantee that
the advantages of sustainable practices are distributed equitably
and implemented with efficacy. This collaborative methodology
not only augments the effectiveness of projects but also empowers
communities to assume proprietorship of their development,
resulting in more resilient and adaptive systems. The application
of technology and innovation can assume a crucial role in
confronting local challenges, facilitating communities to utilize
their resources with greater efficiency and sustainability. Fostering
education and capacity-building initiatives will equip individuals
with the necessary skills to participate actively in the bioeconomy,
ensuring that they are not only beneficiaries but also contributors
to a thriving ecosystem. This holistic strategy will ultimately
create a more inclusive framework, where diverse voices are
heard and valued, paving the way for sustainable growth that
benefits all stakeholders involved. By prioritizing collaboration and
partnerships, we can further enhance the impact of these initiatives,
creating synergies that amplify efforts and drive meaningful change
across various sectors.

North America demonstrates a high level of digital technology
adoption in agriculture, accompanied by notable improvements
in sustainability metrics. In the United States and Canada, the
widespread use of precision agriculture technologies including
farm management software, Internet of Things (IoT) sensors,
and data analytics platforms has contributed to significant gains
in resource-use efficiency, crop yields, and carbon management.
This region benefits from advanced digital infrastructure and
consistent investment in agricultural innovation, supporting the
strong correlation observed between digital tool adoption and
sustainability outcomes. These include increased use of renewable
energy on farms, the implementation of efficient irrigation systems,
and measurable reductions in greenhouse gas emissions. North
America reports high adoption of precision irrigation technologies,
contributing to substantial water savings and energy efficiency
improvements. The region’s performance serves as a benchmark
for the effective integration of digital tools into sustainable
agricultural practices.

In contrast, South America has made considerable progress
in promoting sustainable agriculture and advancing bioeconomy
initiatives, though with more moderate and uneven levels of
digital adoption. Countries such as Brazil and Argentina lead
regional uptake of specific technologies, including satellite-based
remote sensing, automated farm machinery, and climate-smart
practices. These advancements have supported improvements in
crop productivity and the initiation of renewable energy projects
in some areas. However, structural barriers continue to constrain
broader adoption. As a result, while sustainability indicators

TABLE 2 Representative digital agriculture tools categorized by function
and cost.

Tool Primary function Cost category

CropX—IoT soil
monitoring platform

Monitoring and sensing
(soil moisture for
irrigation)

Moderate-cost (hardware
+ subscription)

Climate
FieldView—data
analytics suite

Decision support (in-field
monitoring and
agronomic analysis)

Moderate-cost
(subscription-based)

Trimble
Ag—precision ag
system

Automation (GPS
guidance and farm
machinery control)

High-cost (specialized
equipment)

FarmLogs—farm
management app

Decision support (field
recordkeeping and alerts)

Free/low-cost (basic
version)

AgriWebb—livestock
management software

Decision support (grazing
and herd data
management)

Moderate-cost
(subscription SaaS)

farmOS—open-
source
platform

Decision support
(open-source farm
planning and records)

Free/low-cost
(open-source, no license
fee)

Twiga
Foods—mobile
marketplace

Market access and
logistics (connects
farmers to buyers)

Free/low-cost (to farmers,
platform-funded)

such as resource efficiency and agricultural waste recycling have
improved in several countries, the overall impact of digital tools
remains less consistent compared to North America or Europe.
According to study findings, South America’s digital adoption rate
correlates with moderate gains in renewable energy integration
and yield enhancement, but these improvements are more variable
and region-dependent. Despite these challenges, South America
is actively pursuing circular bioeconomy strategies and exhibits
strong potential in bio-based energy production. Realizing this
potential will require expanded investment in digital infrastructure
and tailored policy frameworks to support widespread and
equitable adoption of digital innovations across the region.

Europe emphasizes advanced metrics like bio-based product
share, circular economy practices, and carbon sequestration,
reflecting its leadership in sustainable practices. Asia focuses on
the rapid growth of bioeconomy-related industries, renewable
energy, and efficient land use, reflecting the region’s industrial scale
and diversity. America highlights innovation, renewable energy,
and emissions reduction, with a strong emphasis on market-
driven growth and environmental sustainability. Africa prioritizes
foundational metrics like access to renewable energy, sustainable
land use, and local job creation, essential for building a robust
bioeconomy in developing contexts.

Table 2 provides a classification of representative digital tools
in sustainable agriculture by their primary function and cost
category. The selected examples illustrate a range of globally
relevant technologies from farm management software to precision
automation highlighting how digital tools support sustainable
farming practices such as efficient resource use and climate-smart
decision-making. All listed tools are pertinent to sustainability
objectives, enabling improvements in productivity or resource
efficiency while varying widely in affordability and complexity.
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The cost and functional category of a tool strongly influence
its adoption across different regions and farm types. High-
cost precision automation systems (e.g. GPS-guided equipment)
are predominantly adopted by large, capital-intensive farms in
developed regions, where the necessary investment and technical
capacity are available. In contrast, smallholder farmers and
resource-limited regions gravitate toward free or low-cost tools that
fulfill immediate needs like farm management or market access via
mobile platforms. Indeed, small farms are more likely to implement
affordable decision-support apps designed for ease of use, whereas
they often forgo expensive sensor networks or robotics that, despite
sustainability benefits, remain impractical without subsidies or
infrastructure support. Thus, both cost and functionality shape
the diffusion of agri-tech: tools aligning with farmers’ economic
means and addressing pressing local needs tend to see broader and
faster uptake, while those requiring high upfront investment or
sophisticated machinery are confined to well-resourced contexts,
widening the digital divide in agriculture.

Secondary datasets were complemented by a structured
survey implemented between March and July 2023, comprising
290 respondents distributed across Europe (82), the Americas
(81), Asia (70), and Africa (57). This distribution ensured
balanced regional coverage and enhanced the robustness of
comparative analysis. Figure 1 presents the correlation between
digital technology adoption and sustainability indicators across
regions. The visualization illustrates the strength and direction of
associations identified in the dataset. This visual representation
helps to quantify the impact of digital technology integration
on agricultural practices, providing a clear comparison of how
effectively these tools have been utilized in Europe, Asia, America,
and Africa to achieve sustainable agriculture goals.

Evaluating the interrelation between the utilization of digital
instruments and enhancements in sustainability outcomes across
various continents necessitates an analysis of how the embracement
of these instruments affects critical sustainability indicators, such as
renewable energy incorporation, water utilization efficiency, carbon
sequestration, among others.

Europe exhibits a substantial adoption rate of digital
instruments, particularly in domains such as precision agriculture,
renewable energy governance, and circular economic practices.
Instruments such as Power BI, SAP Business One, and Climate
Field View are prevalently utilized by enterprises across diverse
scales. Sustainability Outcomes: The extensive deployment of
digital instruments has markedly facilitated advancements in
sustainability outcomes throughout Europe. For example, digital
instruments have streamlined energy efficiency, augmented
the precision of carbon accounting, and improved resource
management within the agricultural and manufacturing sectors.
Key Metrics Impacted: Carbon sequestration, renewable
energy incorporation, and circular economic practices have
demonstrated significant enhancements attributable to the digital
innovations and monitoring functionalities afforded by these
instruments. Asia presents a heterogeneous adoption rate of digital
instruments, with a pronounced prevalence in industrialized
regions (e.g., Japan, South Korea) and diminished adoption
in rural and developing locales. Instruments like SWAT+ for
water management and Simapro for lifecycle assessment are

gaining momentum yet remain insufficiently adopted on a
universal scale.

In locales where digital instruments are employed, one
can observe a discernible enhancement in water utilization
efficiency, waste management, and sustainable biomass application.
Nonetheless, in less developed regions, the impact is constrained
due to diminished adoption rates and inadequate infrastructure.
Water utilization efficiency and waste-to-energy conversion have
improved in contexts where digital instruments are integrated
into management protocols, particularly within the industrial and
agricultural domains. America, with a particular emphasis on
North America, demonstrate elevated adoption rates of digital
instruments across multiple sectors, ranging from agriculture
to energy.

The implementation of digital instruments has resulted in
marked reductions in greenhouse gas emissions, enhanced land
utilization efficiency, and amplified investments in bio-based
innovations. Digital platforms have facilitated superior tracking,
reporting, and optimization of sustainability endeavors. The
reduction of greenhouse gas emissions and advancements in
bioeconomy sectors have been particularly shaped by digital
instruments, culminating in improved environmental results and
a more efficient allocation of resources. The African continent
exhibits lower rates of digital tool adoption, primarily attributable
to economic limitations, inadequate infrastructure, and restricted
access to technology across various regions. In geographical
areas where digital technologies have been integrated, there
exist improvements in the efficiency of water utilization, the
incorporation of sustainable energy solutions, and the creation
of job prospects. The overall effectiveness is constrained by the
sluggish pace of technology acceptance and the necessity for
expansive capacity-building initiatives. Employment within the
bioeconomy and water use efficiency have experienced some
favorable trends in contexts where digital tools are accessible,
particularly in pilot programs and targeted interventions.

High correlation was found in Europe and America. In
these regions, the substantial adoption of digital tools exhibits
a strong correlation with enhanced sustainability outcomes.
Digital tools furnish improved data analytics, optimization, and
monitoring capabilities, resulting in more efficient resource
utilization, diminished environmental impacts, and expedited
advancement toward sustainability objectives. Research results
show moderate correlation in Asia. The correlation is moderate
owing to inconsistent adoption rates. In areas where digital tools
are implemented, notable improvements are evident; however,
the overall effect is mitigated by regions characterized by low
technology penetration. Finaly, low to moderate correlation was
observed in Africa. The correlation is comparatively lower in
Africa due to restricted access to digital tools and technologies.
However, regions where digital tools are employed exhibit
promising enhancements, indicating that an increase in digital
adoption could substantially elevate sustainability outcomes. The
implementation of the CAP has played a significant role in driving
the adoption of digital tools and sustainable practices in Europe.
Through targeted subsidies and incentive schemes, the CAP has
supported the integration of precision agriculture technologies,
agri-environmental measures (AEM), and renewable energy
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FIGURE 1

Correlation between digital tool adoption and improvements in sustainability outcomes across continents (between 2010 and 2022).

solutions across EU member states. These policy interventions
have not only facilitated higher adoption rates but have also
contributed to notable improvements in key sustainability metrics,
such as carbon sequestration and water use efficiency. As a
result, Europe serves as a leading example of how comprehensive
policy frameworks can accelerate the uptake of digital innovations
in agriculture, promoting both environmental sustainability and
economic viability.

While digital tools are recognized as transformative enablers
of sustainability, they operate within a complex ecosystem
of drivers that collectively influence sustainability outcomes.
Between 2010 and 2022, significant advancements in policy
frameworks, market dynamics, and technological innovations
contributed to observed improvements in key sustainability
metrics. Policies such as the EU Green Deal and renewable
energy incentives in regions like Europe and North America
have accelerated renewable energy adoption and circular economy
practices. Simultaneously, increasing consumer demand for
sustainable products and corporate commitments to reduce carbon
footprints have incentivized innovations across sectors, creating an
environment conducive to the uptake of digital tools.

An estimated percentage reflecting the extent of digital tool
adoption in sustainability-related sectors across each continent.
Selected sustainability indicators that are influenced by digital
tools in each continent. Baseline Value (Without Digital Tools):
Approximate metric values around the year 2010, prior to
the widespread integration of digital tools. Current Value
(With Digital Tools): Approximate current values around 2023,
encapsulating the effects of digital tools. Improvement (%):
Percentage enhancement in each metric, illustrating the efficacy of
digital tools.

Figure 1 presents the correlation patterns between digital
adoption and sustainability outcomes, illustrating the relative

strength and direction of associations across regions rather than
implying causality. The 1–10 correlation scale used in this
visualization represents a standardized measure of association
strength. Each score was derived from three equally weighted
components: the quantitative correlation coefficient between
adoption rate and sustainability metrics, the magnitude of
improvement from baseline to current values, and qualitative
contextual evaluation of policy and infrastructural conditions.
This approach provides a balanced interpretation of both
numerical and contextual dimensions of digital adoption and
sustainability linkages.

High digital tool adoption correlates with significant
improvements in renewable energy, carbon sequestration,
and circular economy practices in Europe. Moderate adoption
has led to noticeable, though uneven, improvements in water
use efficiency and biomass utilization in Asia. Strong correlation
between digital tool adoption and reduced GHG emissions,
improved land use efficiency, and increased R&D investment in
America. Lower adoption rates, but where tools are used, there
have been notable improvements in renewable energy integration
and job creation in the bioeconomy in Africa.

This investigation’s results are congruent with previous studies
that assert digital technologies can markedly improve sustainability
outcomes in agriculture, particularly in areas characterized by
elevated adoption rates. For example, akin to the investigations
conducted by Abiri et al. and Karunathilake et al., which underscore
the efficacy of digital instruments such as precision agriculture
and Internet of Things (IoT) technologies in enhancing resource
management, our findings indicate that Europe and America,
regions where these technologies are extensively implemented,
demonstrate significant advancements in carbon sequestration and
the integration of renewable energy sources (Karunathilake et al.,
2023; Mao, 2023).
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Nevertheless, while the prevailing literature frequently
accentuates the advantages of digital adoption, this study offers
a more nuanced analysis by evaluating these advantages across a
spectrum of regions. Asia and Africa, for instance, exhibit moderate
to low correlations between the utilization of digital tools and
sustainability improvements, a finding that stands in contrast to
observations made in Europe and North America. This divergence
implies that, as elucidated by the research conducted by Mao
and Kaboré, infrastructural deficiencies and policy inadequacies
profoundly influence the efficacy of digital tools in lower-income
regions (Kaboré et al., 2022; TWI2050, 2020). In opposition to
existing research that predominantly concentrates on technological
repercussions in developed areas, this inquiry emphasizes the
necessity of region-specific strategies, particularly in locales with
diminished digital infrastructure. These findings resonate with
the recommendations posited by TWI2050 (The World in 2050)
report, which endorse the implementation of targeted policies and
capacity-building initiatives to mitigate digital divides, thereby
facilitating the adoption of digital technologies and enhancing
sustainability outcomes on a global scale (Ahmetoglu et al., 2022).

The results obtained in this investigation also substantiate
earlier work regarding the beneficial influence of digital
technologies on the advancement of agricultural sustainability,
consistent with the findings of Ahmetoglu et al. and Soori et al.,
who have illustrated that digital instruments such as the Internet of
Things (IoT) and data analytics facilitate more accurate resource
management and augment productivity in areas characterized by
elevated adoption rates, including Europe and North America
(Soori et al., 2024; Qiu et al., 2023). This study, however, extends
this understanding by providing a comparative framework across
regions, revealing how digital adoption correlates differently with
sustainability outcomes depending on regional economic and
infrastructural conditions.

This work also highlights that, unlike findings by Qiu et al.
and Díaz-Arancibia et al., which often underscore broad benefits
of digital adoption, regions such as Africa experience limited
gains, largely due to socio-economic barriers and lower adoption
rates (Díaz-Arancibia et al., 2024; Pereira et al., 2022). This
perspective supports the conclusions of Muhie and other scholars
advocating for capacity-building and financial support in digital
adoption to maximize these tools’ sustainability impacts in low-
income regions?.

In line with Pereira et al., this study also notes the rising
importance of categorizing digital tools by cost and accessibility,
a crucial factor for improving sustainability in small-scale
agriculture, especially in Asia and Africa where affordability
remains a barrier. By categorizing tools according to region and
farm size, the study offers a practical approach to addressing
disparities and enabling more inclusive access to sustainable
digital solutions. The presented figures exemplify the beneficial
influence that digital instruments exert on the promotion of
sustainability objectives across various continents, exhibiting
disparate levels of effectiveness contingent upon the region’s
digital infrastructure and the extent of technology adoption. The
association between the utilization of digital tools and sustainability
results is most pronounced in regions characterized by elevated
technological adoption (such as Europe and North America),

while it is less robust in regions where digital infrastructure
remains underdeveloped (notably Asia and Africa). Augmenting
access to digital tools, particularly in the contexts of Asia and
Africa, possesses the potential to significantly improve global
sustainability outcomes.

Based on the previously acquired data and in accordance with
the specified objectives of the research, a comprehensive model has
been constructed and illustrated in Figure 2 below. According to
this model, correlation coefficients should be calculated for each
pair of variables to assess the extent of the relationship between the
dependent variables (sustainability outcomes) and the independent
variables. A sensitivity analysis can be performed to assess the
robustness of the influence of each factor by manipulating key
antecedents and observing the resulting differences in sustainability
outcomes. This methodological framework facilitates the factors
that have the greatest and most persistent impact on sustainability.

To validate the findings, we examined the statistical significance
of the regression results. The overall regression model showed a
highly significant fit (overall F-test, p < 0.01), indicating that the
included variables collectively explain a substantial portion of the
variance in sustainability outcomes. Importantly, the regression
coefficient for digital tool adoption was positive and statistically
significant for Europe and North America (p < 0.01), confirming
a strong association between higher adoption rates and improved
sustainability metrics in these regions. In Asia, the effect was more
moderate but still significant (p < 0.05). In contrast, for Africa the
adoption coefficient did not reach statistical significance at the 5%
level (p > 0.05), reflecting higher variability and the influence of
other factors in that region. These significance results underscore
that the observed strong correlations in Europe and North America
are unlikely due to chance, whereas the weaker correlation noted in
Africa should be interpreted with caution.

This model provides a thorough examination of how variations
in each predictor affect sustainability outcomes, thus assisting in
the identification of the most effective strategies for enhancing the
role of digital adoption in sustainable agriculture. By employing the
Sensitivity Analysis and Correlation Model as outlined, the study’s
data can be methodically analyzed to quantify the relationships
between these determinants and sustainability outcomes. This
model allows for the creation of tailored strategies that respond to
the unique needs of each region. In areas with low digital adoption
rates, the model can reveal which factors whether related to policy
support or infrastructure development would most effectively boost
adoption and enhance sustainability outcomes.

The paradigm of circular bioeconomy models is fundamentally
anchored in the objective of reducing reliance on non-renewable
resources through the enhancement of renewable biological
materials utilization and the incorporation of sustainability
principles within production systems. Such models transcend
conventional circular economy paradigms by accentuating the
regeneration and optimal utilization of bio-based resources,
including biomass, bioenergy, and organic waste. A significant
progression within this domain is the incorporation of renewable
gases, such as biogas and biomethane, into the green taxonomy.
This integration aligns with the sustainability objectives articulated
by the EU by advocating for cleaner energy alternatives derived
from organic waste, agricultural by-products, and other bio-based
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FIGURE 2

Sensitivity analysis and correlation model.

materials, thereby effectively closing resource loops and mitigating
greenhouse gas emissions.

Study findings both align with and extend those of similar
studies conducted by McCampbell et al. or Wang et al. in various
regions, underscoring the global relevance of this research. The
study in Rwanda revealed that smallholder farmers had “limited
capacity to access and use phone-based extension services, especially
those requiring a smartphone”, highlighting a clear “need for
capacity building” to improve digital tool adoption (McCampbell
et al., 2021). This mirrors observation that inadequate digital
infrastructure and skills can impede sustainability gains in
developing regions. Similarly, in China, recent analyses indicate
that the expansion of the digital economy significantly lowers
agricultural carbon emission intensity, though with heterogeneous
impacts across different provinces (Wang and Mei, 2024). Such
parallels situate results within a global narrative, high digital
adoption tends to drive sustainability improvements, whereas low
adoption correlates with modest outcomes, a pattern evident from
Africa to Asia. These comparisons not only validate core findings
but also highlight the originality of multi-region approach, which
captures cross-regional disparities that single-country studies
might overlook. By situating the study in this wider context, we
underline its practical relevance namely, the importance of tailoring
digital agriculture strategies to specific regional conditions, as one
size does not fit all in enhancing sustainability.

Nevertheless, this study is not without limitations, and
acknowledging these factors is crucial for scientific rigor. First,
there is a possibility of biases in this analysis. For example, in the
selection of case study locales or the sustainability indicators used,
which might influence the outcomes. Data, drawn from various
international sources and time frames, also come with constraints;
differences in data quality and availability between regions may
have affected the depth of comparisons. Additionally, the reliance
on aggregated regional indicators and a correlational research

design means that causal relationships cannot be definitively
established. The broad scope of this study, while a strength,
also implies that generalizability to any specific country or local
context should be done with caution, local socio-economic and
environmental nuances can differ markedly from the regional
trends we identified. Despite these caveats, transparently discussing
these limitations strengthens the validity of conclusions. It
delineates the bounds of analysis and points to areas for future
inquiry (such as more granular, country-specific studies and
longitudinal analyses) to build upon findings.

Theoretically, the empirical findings substantiate the digital
transformation theory within the agricultural sector, which
asserts that the process of technology adoption is influenced not
solely by infrastructural components but also by institutional,
economic, and behavioral determinants. Cross-regional analysis
elucidates the uneven distribution of technology adoption, which
is attributable to structural inequities. Thereby corroborating
frameworks that prioritize socio-technical systems over a
strictly technological determinism. From a policy standpoint,
the outcomes underscore the necessity for specific, targeted
interventions aimed at bridging the digital divide, with particular
emphasis on the contexts of Asia and Africa. These interventions
encompass the enhancement of rural broadband and energy
infrastructure, the provision of subsidies for fundamental
digital tools for smallholder farmers, the incorporation of
digital literacy into agricultural extension programs, and
the promotion of public-private partnerships to facilitate
the development of regionally tailored technologies. Policy
incentives, including tax relief for agricultural technology
startups, microfinancing options for farmers investing in digital
resources, and the establishment of data-sharing platforms
for local cooperatives, could significantly improve both the
affordability and accessibility of these technologies. These
pragmatic strategies harmonize digital innovation with inclusive
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sustainability objectives and present actionable pathways for
large-scale implementation.

By reinforcing the nexus between bioeconomy and energy
transitions, circular bioeconomy models unveil a distinctive
opportunity to combat climate change, bolster energy security,
and enhance economic resilience. Nonetheless, the successful
implementation of these models necessitates a comprehensive
policy framework that incentivizes renewable gas production,
facilitates infrastructure enhancement, and assures market
accessibility. Such initiatives can cultivate a robust ecosystem that
integrates bio-based resources, renewable energy, and sustainability
objectives within a cohesive green taxonomy framework.

An important limitation of this study is the aggregation of
data at a continental level. While this approach enables a broad
comparative analysis across major world regions, it inevitably
masks substantial intra-regional heterogeneity. Differences in
agricultural production systems, farm sizes, climatic conditions,
and dominant crop or livestock types within each region may
lead to varied sustainability outcomes from digital technology
adoption. For instance, digital tools may yield significantly different
impacts in intensive commercial farming systems compared to
smallholder or subsistence-based agriculture. Consequently, the
reported regional trends should be interpreted as indicative rather
than representative of all national or sub-regional contexts. Future
research would benefit from country-level or production-system-
specific analyses to capture these variations more precisely.

Although Europe appears to perform strongly in this study’s
framework, this position should be interpreted with caution.
Broader evidence indicates that Europe faces persistent barriers
to digital transformation, particularly in rural infrastructure,
interoperability, and investment capacity. The observed advantage
therefore reflects targeted sustainability-oriented initiatives, such
as precision farming and environmental monitoring, rather than
overall digital maturity. These findings highlight a gap between
sustainability-driven digital policies and the broader digitalization
of the agricultural sector. While the CAP provides a comprehensive
European framework linking digital innovation and sustainability,
comparable policy instruments exist globally, such as national
smart agriculture programs and rural innovation strategies. The
comparison of these policy environments underscores that the
success of digital sustainability transitions depends not only on
technology availability but also on coherent policy integration and
local implementation capacity. the analysis reveals differentiated
regional pathways toward digital sustainability. Europe’s progress is
policy-driven but constrained by structural digitalization barriers,
whereas other regions, despite lower policy coordination, exhibit
rapid grassroots adoption and innovation dynamics.

Future research should build on this study by conducting
in-depth regional case studies that explore the specific drivers
and barriers to digital technology adoption in diverse agricultural
systems. Longitudinal analyses would also be valuable to assess the
sustained impact of digital interventions over time. Additionally,
sector-specific investigations as examining the effects of precision
irrigation, AI-based pest control, or blockchain-enabled supply
chains could provide more granular insights. These directions
would validate and refine the findings presented here, and
offer actionable guidance for policymakers and stakeholders

seeking to scale digital solutions effectively across different
agricultural contexts.

4 Conclusions

This study looked at how the use of digital tools in agriculture
relates to improvements in sustainability across a selection of
countries in Europe, the Americas, Asia, and Africa. The results
suggest that higher use of digital technologies may be linked to
better outcomes in areas like productivity, environmental care,
and efficient use of resources. However, since the data shows
correlations rather than clear cause-and-effect, these findings
should be interpreted with care.

Countries in Europe and parts of North America showed higher
levels of digital adoption within the group of respondents included
in this research. Still, this does not mean that digitalisation is
fully developed across these regions. Other studies show that many
farmers in Europe still face challenges, including limited access to
infrastructure and funding. It is more accurate to say that, in our
sample, some European countries reported more progress in digital
adoption compared to others, rather than making broader claims
about the whole continent.

We also found that strong support from public policies plays
an important role. In places where governments have put in place
clear agricultural frameworks, farmers seem better equipped to
take advantage of digital tools. For example, both the European
Union’s Common Agricultural Policy and the United States’
Farm Bill provide funding and guidance that help farmers invest
in technology. Comparing these policy approaches gives useful
insights and helps avoid focusing too much on just one region.

At the same time, this study has its limits. The number of
participants from each country was not large enough to represent
full national trends. Many of the results are based on averages
and self-reported data, and some tools used in the analysis rely
on assumptions that could affect the final outcomes. Future work
could build on this by using more detailed data, following changes
over time, and focusing more on local policy environments. Digital
technologies show real potential to support more sustainable
farming. But their success depends heavily on the local context. To
make real progress, decision-makers should listen to farmers’ needs,
remove barriers to access, and invest in training and infrastructure
that make digital tools useful and effective in everyday practice.
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