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ABSTRACT

Despite the growing interest in Industry 4.0 technologies, the managerial perspective and its integration with circular economy principles remain underexplored,
particularly within the agri-food sector. This study addresses this gap by employing a scoping review (PRISMA-ScR) combined with content analysis to examine how
Industry 4.0 facilitates agri-food companies’ transition to the circular economy. Findings reveal that Industry 4.0 can transform product development, production,
and sales by enhancing resource efficiency and supply chain resilience. Addressing social impacts - such as job displacement and workforce retraining — is
essential. This research synthesizes critical success factors for Industry 4.0 implementation, including strong leadership, adaptive organizational culture, and robust
cybersecurity infrastructure, proposing a comprehensive framework to guide agri-food firms in aligning digital transformation with the circular economy goals.
The review contributes to the literature by elucidating the interplay between these factors and offers actionable insights for policymakers and managers striving to
enhance sustainability and competitiveness within the agri-food sector.

Keywords: Industry 4.0, agri-food sector, circular economy, critical success factors, social innovation.

RESUMO

Apesar do crescente interesse pelas tecnologias da Indiistria 4.0, a perspectiva gerencial e sua integragdo com os principios da economia circular ainda sdo pouco
exploradas, especialmente no setor agroalimentar. Este estudo utiliza Scoping Review (PRISMA-ScR) combinada com andlise de contetido para examinar como a
Induistria 4.0 facilita a transi¢ao das empresas agroalimentares para a economia circular. Os resultados indicam que essa industria pode transformar o desenvolvimento
de produtos, a produgdo e as vendas, ao melhorar a eficiéncia dos recursos e a resiliéncia da cadeia de suprimentos. Abordar impactos sociais — como substitui¢do de
empregos e requalificacdo da for¢a de trabalho — ¢é fundamental. Ao sintetizar fatores criticos de sucesso, incluindo lideranga forte, cultura organizacional adaptativa
e infraestrutura robusta de ciberseguranga, propde-se um framework para orientar empresas na transformagao digital alinhada a sustentabilidade. Este estudo oferece
insights prdticos para gestores e formuladores de politicas que buscam promover sustentabilidade e competitividade no setor agroalimentar.

Palavras-chave: Industria 4.0, setor agroalimentar, economia circular, fatores criticos de sucesso, inovagdo social.

RESUMEN

A pesar del creciente interés en las tecnologias de la industria 4.0, la perspectiva de gestion y su integracion con los principios de la economia circular aiin estdn poco
exploradas, especialmente en el sector agroalimentario. Este estudio utiliza el método Scoping Review (PRISMA-ScR) combinado con andlisis de contenido para examinar
como la industria 4.0 facilita la transicién de las empresas agroalimentarias a la economia circular. Los resultados indican que esta industria puede transformar el desarrollo
de productos, la produccién y las ventas al mejorar la eficiencia de los recursos y la resiliencia de la cadena de suministro. Abordar los impactos sociales Beomo la sustitucién
de empleos y la recualificacion de la fuerza laboral® es fundamental. Al sintetizar factores criticos de éxito, como un liderazgo sélido, una cultura organizacional adaptable
y una infraestructura robusta de ciberseguridad, se propone un marco para guiar a las empresas en su transformacion digital orientada a la sostenibilidad. Este estudio
ofrece insights prdcticos para gestores y formuladores de politicas que buscan promover la sostenibilidad y la competitividad en el sector agroalimentario.

Palabras clave: Industria 4.0, sector agroalimentario, economia circular, factores criticos de éxito, innovacion social.
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INTRODUCTION

Considering recent geopolitical and health crises, it is more urgent than ever for the world’s
economies to become more sustainable and environmentally friendly (Rajput & Singh, 2019)
while advancing technologically. In response, policymakers and companies around the world
are striving to reduce greenhouse gas emissions and global warming, address resource scarcity,
manage waste disposal and recycling (Dantas et al., 2021; Nerini et al., 2019), and implement clean
technologies and sustainable practices more efficiently (Ambekar et al., 2019).

Against this backdrop, the Fourth Industrial Revolution, or Industry 4.0 (14.0), has
emerged as a transformative force characterized by advances in sensor technologies,
interconnectivity, and data analytics that drive digital manufacturing and mass customization
(Piccarozzi et al., 2018). Kerin and Pham (2019) summarized the literature on 4.0, highlighting
benefits such as improved stakeholder cooperation, the use of artificial intelligence in
decision making, and the expansion of product-service systems for developing new services
or products (Awan et al., 2021). This revolution began in 2011 with the German government’s
High-Tech Strategy 2020, and represented the first significant transformation toward the
anticipated future economic model.

[4.0 refers to the rapid changes in the development, manufacture, operation, and service
of production systems and products. It involves the digital networking of the entire supply
chain, creating a highly integrated value chain (Davies, 2015). Technologies such as robotics,
virtual and augmented reality, big data, blockchain, and cloud computing are driving the digital
transformation of manufacturing companies worldwide (Kashyap et al., 2023).

The EU aims for 80% of SMEs to adopt 14.0 by 2040. The transition toward digitalization
of European manufacturing companies is considered to bring positive effects toward improved
consumer experience, product quality, and innovation potential (Moeuf et al., 2018); increased
profitability, reduction of defects, and rework (Yilmaz et al,, 2022). By implementing the concepts
of 4.0, enterprises report better management performance and higher outcomes while realizing
economic, social, and environmental benefits (Sommer, 2015). Digitized manufacturing also
increases resilience, as some of the 4.0 technologies (such as “big data analytics”) have been
reported to increase supply chain innovation during the COVID-19 crisis (Hopkins, 2021).
Smart organizations are increasingly recognized as key drivers of competitive advantage
(Cefis et al., 2023), circular economy (CE)-based production (Adamik et al., 2018), and green
innovation (Wang, 2024).

In Europe, the strategic alignment of digital and green transitions — often referred to as
the twin transition — is central to achieving the European Union’s target of climate neutrality by
2050 (Jesus et al., 2019; Rashed & Shah, 2021). This policy direction is particularly relevant to sectors
with high environmental footprints, including energy, transportation, and agriculture, where
the integration of advanced technologies and CE principles can yield substantial sustainability
gains. The European Commission’s initiatives, such as the European Green Deal, the Circular
F.conomy Action Plan, and the Farm to Fork Strategy, embed sustainability, traceability, and
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resource efficiency within agri-food systems, while programs like the Digital Europe Programme
support technological adoption and capacity building across regions (European Commission,
2022, 2023).

The European agri-food sector emerges as a particularly strategic context for studying
the intersection of [4.0 and CE for several reasons. First, Europe has one of the world’s most
comprehensive regulatory frameworks promoting both digitalization and environmental
sustainability, creating a unique environment where policy coherence drives innovation.
Second, over 99% of European agri-food enterprises are small and medium-sized enterprises
(SMEs) (FarmEurope, 2023), which face specific structural challenges in digital transformation,
such as limited technical capacity and investment barriers. Understanding how 14.0 can
support CE implementation in this sector is thus crucial for designing scalable, inclusive
policy interventions. Third, despite being one of the least digitized sectors, agriculture holds
significant potential to benefit from the twin transition through improvements in resource
efficiency, supply chain transparency, and closed-loop production systems (Quiroz-Flores et
al., 2023; Stefanini & Vignali, 2023).

Furthermore, Europe’s leadership in sustainability and digital innovation makes it an
ideal setting to generate insights with broader relevance. While CE frameworks often require
adaptation to sector-specific realities, the European experience offers lessons for other regions
seeking to balance economic competitiveness with environmental stewardship (Jabbour et al.,
2023; Padilla-Rivera et al., 2020; Zhang et al., 2022). However, despite increasing scholarly interest,
there remains a limited understanding of how 14.0 technologies can be effectively leveraged
to operationalize CE strategies within organizational and agri-food contexts (Awan et al., 2021).

This study, therefore, aims to fill this gap by empirically examining the integration of 14.0
technologies and CE principles in the European agri-food sector, offering insights into how
targeted technological and policy interventions can foster sustainable and resilient food systems
both within Europe and globally.

This study is guided by two research questions:

1. What are the most important success factors for the digitalization of industrial companies
that contribute to the CE?

2. Do these success factors differ in the context of the agri-food sector, which faces distinct
constraints and opportunities in its transition toward 4.0 and CE?

Adopting a scoping review approach, the study offers a structured synthesis of the literature
on [4.0-CE integration, with specific attention to the agri-food sector. It highlights how digital
enablers can support circularity goals and identifies both organizational and policy-relevant
implications for improving sustainability, competitiveness, and systemic resilience.
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THE IMPACT OF AGRICULTURE 4.0 ADOPTION ON THE
PERFORMANCE OF COMPANIES IN THE CIRCULAR ECONOMY

Agriculture 4.0 technologies can drive innovation in areas such as product development, production,
data management, consumer engagement, strategy, and organizational competitiveness (Abbasi
et al.,, 2022). Though still evolving, Agriculture 4.0 is widely acknowledged for its potential to
boost productivity, enhance food quality, minimize waste, and support sustainable resource
use (Satyro et al., 2023).

Advanced digital technologies like [oT, Al, and big data analytics are increasingly used in
modern farms and agri-food factories to manage inputs efficiently, support real-time decisions,
and reduce environmental impacts. Lezoche et al. (2020) emphasize how smart farming and
sensor technologies enhance agricultural resilience, especially amid climate variability and
supply chain disruptions.

The digital transformation associated with Agriculture 4.0 also aligns with broader
sustainability goals, offering industries the tools to simultaneously pursue economic growth,
social inclusion, and environmental protection (Jafari-Sadeghi et al., 2021; Saad et al., 2019). It can
enable agri-food firms to implement system-level innovations that reduce emissions, improve
circularity, and lower the resource intensity of industrial systems (Tseng et al., 2018).

Importantly, the goals of Agriculture 4.0 are closely aligned with the principles of the
circular economy (CE). The CE model — defined by the European Environment Agency (2016)
as encompassing “eco-design, repair, reuse, refurbishment, remanufacturing, product sharing,
waste prevention, and waste recycling” (p. 9) — offers a strategic framework for sustainable
production and consumption. In this context, Agriculture 4.0 can act as a key enabler, facilitating
circular practices across the agri-food value chain (Jabbour et al., 2022).

By integrating CE principles with smart agricultural technologies, agri-food companies are
rethinking their production and supply chain models to optimize resource efficiency, extend
product life cycles, and minimize waste (Quiroz-Flores et al., 2023). This convergence of digital
and circular strategies represents a new frontier for organizational performance, sustainability,
and innovation in the agri-food sector.

UNEQUAL ACCESS TO DIGITAL TRANSFORMATION FOR
CIRCULAR ECONOMY IN THE EU

While Industry 4.0 (I4.0) has been extensively explored from technological and operational
angles, its managerial dimension is less developed (Strange & Zucchella, 2017). Although
scholars like Piccarozzi et al. (2018) have examined management topics such as strategy and
business transformation, there remains a lack of systematic frameworks to guide managerial
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implementation of [4.0 in line with circular economy (CE) goals (Ahmad et al., 2023). This gap
is critical amid the rising demand for strategic direction in sustainable digital transitions.

Digital transformation opportunities remain uneven across the EU, with Western European
countries enjoying better infrastructure and institutional support, while Central and Eastern
regions face structural challenges (Bugleaet al., 2025). These disparities affect the agri-food sector,
which, despite employing over 44 million people - 20 million in agriculture - remains the EU’s
least digitalized industry (European Commission, 2023).

In response, the European Commission has launched multiple initiatives and funding
schemes to reduce the environmental footprint of agri-food production and promote its
digitalization. However, barriers such as limited rural infrastructure, high technology costs,
resistance to organizational change, and low digital literacy continue to hamper progress (Annosi
etal, 2020). As such, there is an urgent need for both theoretical and practical insights that can
support agri-food companies in strategically implementing 14.0 technologies to advance CE
outcomes.

CONNECTING INDUSTRY 4.0 TO THE CIRCULAR ECONOMY

Strengthening the link between Industry 4.0 (14.0) and the Circular Economy (CE) involves
examining how digital technologies support sustainable practices. Tools like automation, real-
time analytics, and Al can boost supply chain resilience, cut waste, and improve resource
efficiency (Stefanini & Vignali, 2022; 2023), aligning with CE principles of reuse, recycling, and
waste reduction (Quiroz-Flores et al., 2023).

Integrating 14.0 and CE frameworks provides a powerful strategy for agri-food companies
seeking to redesign operations toward greater sustainability, circularity, and resilience. This
integration is not only critical for business competitiveness but also provides a conceptual
foundation to advance theory on the sustainable digital transformation of industrial sectors.

This manuscript contributes by examining how [4.0 technologies can be strategically
leveraged to support CE practices, particularly within the agri-food sector. In doing so, it responds
to calls for more detailed analyses of how key enabling factors —technological, organizational, and
systemic —interact to shape CE outcomes. Ultimately, we aim to identify the critical elements
required for successful implementation and to propose a conceptual framework that supports
both researchers and practitioners in aligning digital transformation with sustainability goals.

Due to a limited understanding of how 14.0 supports CE implementation, there is a
need to systematically map and synthesize critical success factors enabling this transformation,
especially from managerial and sector-specific angles. To address this gap and our research
questions, we conduct a scoping review to examine the literature at the intersection of 14.0 and
CE, with emphasis on strategic applications in the agri-food sector. The next section details the
methodological steps used to identify, select, and analyze the relevant academic work.
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METHODOLOGY

The research design consists of two parts: the methodology to assess the critical success factors
for Industry 4.0 (14.0), through a Scoping Review protocol, and qualitative data analysis to assess
how these factors differ in the agri-food sector. The study was conducted from March 2022 to
September 2023.

The methodology was guided by the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses— Extension for Scoping Reviews (PRISMA- ScR) checklist and guidelines (Tricco
et al., 2018) to ensure a robust and replicable process. The study followed the methodological
framework proposed by Arksey and O’Malley (2005), further developed by Levac et al. (2010) and
Degieter et al. (2022), and integrated aspects of a full scoping review to improve replicability and
completeness.

Identification of relevant studies

A review protocol was defined to analyze the bibliography. The review included studies from
peer-reviewed journals using qualitative, quantitative, and mixed methods. The search terms
were entered into the Web of Science database. A broad list of keywords was selected based on
previous reviews and articles (Kashyap et al., 2023; Naveed et al., 2019; Sony et al., 2021; Tseng et al.,
2018), including: (“Ciritical Success Factors” OR “Key Success Factors” OR “Success Drivers” OR
“Key Enablers”) AND (“Industry 4.0” OR “Fourth Industrial Revolution” OR “I14.0” OR “4IR”
OR “Digital Transformation” OR “Smart Manufacturing” OR “Agriculture 4.0” OR “Agri-food
4.0”) AND (“Circular Economy” OR ”Sustainable Production” OR “Sustainability” OR ”"Green
Manufacturing” OR “Resource Efficiency”) AND (“European Union” OR “EU” OR “Europe”).

Criteria for including and excluding studies

The analysis considered peer-reviewed papers only. It involved identifying relevant records and
screening articles from business and management literature that contain specific keywords
published within a timeframe. The study analyzed similarities and differences between 14.0
and Agri-food 4.0 within the CE context. Finally, duplicates were removed, eligible studies
were included, and answers to research questions were formulated.

Study selection

The literature search process was conducted systematically in four stages—identification,
screening, eligibility, and inclusion—guided by the PRISMA methodology to ensure transparency
and rigor. The identification stage began with a comprehensive search in the Web of Science
database using the specific keywords and Boolean operators described above. This search
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yielded 301 articles. During the screening stage, duplicate entries were removed, and titles
were reviewed for relevance, narrowing the list to 210 articles.

In the eligibility stage, abstracts were carefully analyzed to assess alignment with the research
objectives, further reducing the pool to 77 articles. At this stage, two articles were excluded
because they were not published in English, which was a predefined eligibility criterion. The
full-text review was then conducted to evaluate whether the articles met additional criteria, such
as methodological rigor and relevance to 14.0 implementation.

Ultimately, 61 articles were found eligible based on their methodological soundness
and thematic relevance. However, applying our final inclusion criteria—which emphasized
recency (publications from 2015 onward), specific focus on 14.0, and the identification
of critical success factors—resulted in a final selection of 48 articles for detailed analysis,
as presented in Figure 1. These articles form the foundation of our systematic review,
ensuring a focused and contemporary understanding of the critical success factors for 14.0
implementation.

Figure 1. PRISMA Method for Industry 4.0 Key Factors

RECORDS IDENTIFIED THROUGH
IDENTIEICATION DATABASE SEARCHING THE
KEYWORDS
(N=301)
RECORDS EXCLUDED -
. LANGUAGE NOT
<€ ENGLISH, CONFERENCE
PAPERS ETC.
RECORDS SCREENED BY TITLE
ESRES (RETAINED N=210)
RECORDS SCREENED BY
ABSTRACT
(RETAINED N=77)
BRI FULL-TEXT ARTICLES ASSESSED
FOR ELIGIBILITY (N=61) FULL TEXT ARTICLES
EXCLUDED WITH
= REASON VERY BROAD
= RESEARCH, OUT OF
TOPIC (N=13)
INCLUDED STUDIES INCLUDED (N=48)
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Data extraction and charting

A standardized Excel form was used to extract data from the studies during full-text review. The
extracted information included lead author, year, title, publication type, journal, geography,
population, specific food/outlet, data collection, and analysis methods. The study reviewed 48
publications published in English from January 1, 2015, to September 1, 2024, and the year-
wise distribution is shown in Figure 2.

The bar chart shows the evolution of research publications on “Industry 4.0 and Circular
Economy” and “Agriculture 4.0 and Circular Economy” from 2015 to 2024. Both topics
experienced steady growth in publications, peaking in 2020, reflecting heightened interest in
sustainable practices during this period. While “Industry 4.0” consistently dominates in volume,

“Agriculture 4.0” has shown steady contributions, highlighting its emerging relevance. However,
a decline in publications is observed post-2020, possibly indicating a shift in research focus or
a transition from conceptual exploration to implementation. This trend underscores the need
for renewed emphasis, particularly on Agriculture 4.0, to address sustainability challenges in
food systems.

Figure 2. Number of Publications per Year

[ Agriculture 4.0 and circular economy [l Industry 4.0 and circular economy
15
10
5
0
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Figure 3 shows the emphasis on quantitative methods, particularly surveys and statistical
analysis, indicating a focus on generalizable findings and stakeholder behavior. Systematic
literature reviews are the most frequently employed qualitative method, indicating a significant
focus on synthesizing and analyzing existing knowledge. This trend highlights the foundational
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role of literature consolidation in shaping research directions and identifying gaps in the field.
However, the relatively limited use of other qualitative methods, such as focus groups or interviews,
may point to gaps in contextual understanding and in-depth exploration, highlighting potential
areas for future research to enrich the field.

Figure 3. Methods Applied in the Selected Publications (Number of Publications)

Qualitative

- Systematic Literature
Review

- Case Studies

- Interviews

- Focus Groups

- Content Analysis
Quantitative

- Surveys

- Statistical Analysis

- Experimental Studies
- Data Modeling

- Comparative Analysis
- Longitudinal Studies

20 30

The top journals in the dataset with the highest number of publications include Computers
in Industry, Journal of Cleaner Production, and International Journal of Production Economics,
each featuring three publications. Additionally, Sustainability, Procedia Manufacturing,
Technological Forecasting and Social Change, and Sustainable Production and Consumption
stand out with two publications.

These journals highlight the prominence of sustainability, technological advancements,
and production efficiency within the context of 14.0 and circular economy research. Table 1
presents the extensive list of publications extracted from the PRISMA.

Table 1. Extensive List of Publication Extracted from the Prisma

Author(s) Title Journal

The digitization of agricultural industry - a

Abbasi ctal.(2022) systematic literature review on agriculture 4.0

Smart Agricultural Technology

A literature review on circular economy adoption

Acerbi &Taisch (2020) in the manufacturing sector

Journal of Cleaner Production

Continue
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Table 1. Extensive List of Publication Extracted from the Prisma

Author(s)

Title

Journal

Alam, et al. (2023).

Analysis of the drivers of Agriculture 4.0
implementation in the emerging economies:
Implications towards sustainability and food security

Green Technologies and Sustainability

Albiero et al. (2020)

Agriculture 4.0: a terminological introduction

Revista Ciéncia Agronémica

Al-Obadi et al. (2022)

Perspectives on food waste management:
Prevention and social innovations

Sustainable Production and
Consumption

Almada-Lobo. (2016)

The Industry 4.0 revolution and the future of
Manufacturing Execution Systems (MES)

Journal of Innovation Management

Arora et al. (2022)

Integrating agriculture and industry 4.0 under

“agri-food 4.0" to analyze suitable technologies to

overcome agronomical barriers

British Food Journal

Bilgen (2021)

A global comparison methodology to determine
critical requirements for achieving industry 4.0

Technological Forecasting and Social
Change

Bock (2016)

Rural marginalisation and the role of social
innovation: A turn towards nexogenous
development and rural reconnection

Sociologia Ruralis

Bongomin et al. (2020).

Sustainable and Dynamic Competitiveness
towards Technological Leadership of Industry 4.0:
Implications for East African Community

Journal of Engineering

Dantas et al. (2021)

How the combination of Circular Economy and
Industry 4.0 can contribute towards achieving the
Sustainable Development Goals

Sustainable Production and
Consumption

Elhabashy A., Wells L., &
Camelio J. (2019)

Cyber-Physical Security Research Efforts in
Manufacturing: A Literature Review

Procedia Manufacturing

Fielke et al.. (2019)

Conceptualizing the DAIS: Implications of the

‘Digitalisation of Agricultural Innovation Systems’

on technology and policy at multiple levels

NJAS - Wageningen Journal of Life
Sciences

Fountas et al. (2015).

Farm management information systems: Current
situation and future perspectives

Computers and Electronics in
Agriculture

Frank et al. (2019).

Industry 4.0 technologies: Implementation
patterns in manufacturing companies

International Journal of Production
Economics

Glover et al. (2019)

Rethinking technological change in smallholder
agriculture

Outlook on Agriculture

Jabbour et al. (2022)

‘Better together’: evidence on the joint adoption of

circular economy and industry 4.0 technologies

International Journal of Production
Economics
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Table 1. Extensive List of Publication Extracted from the Prisma

Author(s)

Title

Journal

Jabbour et al. (2023)

Are food supply chains taking advantage of the
circular economy? A research agenda on tackling
food waste based on Industry 4.0 technologies

Production Planning & Control

Jabbour et al. (2018)

Industry 4.0 and the circular economy: a proposed
research agenda and original roadmap for
sustainable operations

Annals of Operations Research

Jabbour et al. (2019)

Circular economy business models and operations
management

Journal of Cleaner Production

Jafari-Sadeghi et al.
(2021)

Exploring the impact of digital transformation on
technology entrepreneurship and technological
market expansion: The role of technology
readiness, exploration, and exploitation

Journal of Business Research

Kashyap et al. (2023)

Investigation of the critical success factors
in the implementation of lean industry 4.0 in
manufacturing supply chain: An ISM approach

Management of Environmental
Quality: An International Journal

Lezoche et al. (2020)

Agri-food 4.0: A survey of the supply chains and
technologies for the future agriculture

Computers in Industry

Martinez-Caro et al.
(2020)

Digital technologies and firm performance: The
role of digital organizational culture.

Technological Forecasting and Social
Change

Masood & Sonntag (2020).

Industry 4.0: Adoption challenges and benefits for
SMEs.

Computers in Industry

Miranda et al. (2019)

Sensing, smart and sustainable technologies for
Agri-Food 4.0.

Computers in Industry

Moeuf et al. (2018)

The industrial management of SMEs in the era of
Industry 4.0.

International Journal of Production
Research

Moldavska & Welo (2017)

The concept of sustainable manufacturing and its
definitions: A content-analysis based literature
review.

Journal of Cleaner Production

Neves et al. (2023)

Agriculture 6 .0: A New Proposal for the Future of
Agribusiness.

Revista de Gestdo Social e Ambiental

Padilla-Rivera et al.
(2020)

Addressing the social aspects of a circular
economy: A systematic literature review.

Sustainability (Switzerland)

Pagliosa et al. (2021)

Industry 4 .0 and Lean Manufacturing: A
systematic literature review and future research
directions.

Journal of Manufacturing Technology
Management

Piccarozzi et al. (2018)

Industry 4 .0 in management studies: A systematic
literature review.

Sustainability (Switzerland)
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Table 1. Extensive List of Publication Extracted from the Prisma

Concludes

Author(s)

Title

Journal

Prause & Atari (2017)

Sustainable production networks for Industry 4 .0.

The International Journal on
Entrepreneurship and Sustainability
Issues

Psarommatis et al. (2022)

Zero-defect manufacturing the approach for
higher manufacturing sustainability in the era of
industry 4 .0: a position paper.

International Journal of Production
Research

Raj et al.(2020)

Barriers to the adoption of industry 4 .0
technologies in the manufacturing sector: An
inter-country comparative perspective.

International Journal of Production
Economics

Rajput & Singh (2019)

Connecting circular economy and industry 4 .0.

International Journal of Information
Management

Rashed & Shah (2021)

The role of the private sector in the
implementation of sustainable development goals.

Environment; Development; and
Sustainability

Saad et al. (2019)

A general framework for sustainability assessment
of manufacturing processes.

Ecological Indicators

Satyro et al. (2023)

Industry 4 .0 implementation projects: The cleaner
production strategy—a literature review.

Sustainability

Scholz et al. (2020)

Implementation with agile project management
approaches: Case Study of an Industry 4 .0
Learning Factory in China.

Procedia Manufacturing

Sommer (2015)

Industrial revolution-industry 4 .0: Are German
manufacturing SMEs the first victims of this
revolution?

Journal of Industrial Engineering and
Management

Sony et al. (2021)

An empirical examination of benefits, challenges,
and critical success factors of industry 4 .0 in the
manufacturing and service sector.

Technology in Society

Stillitano et al. (2021)

Sustainable agri-food processes and circular
economy pathways in a life cycle perspective:
State of the art of applicative research.

Sustainability

Strange & Zucchella (2017)

Industry 4 .0, global value chains, and
international business.

Multinational Business Review

Waibel et al. (2017).

Investigating the Effects of Smart Production
Systems on Sustainability Elements.

Procedia Manufacturing

Yaqot et al. (2023)

Roadmap to precision agriculture under circular
economy constraints.

Journal of Information & Knowledge
Management

Yilmaz et al. (2022)

Lean and industry 4 .0: Mapping determinants
and barriers from a social, environmental, and
operational perspective.

Technological Forecasting and Social
Change
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This study employed content analysis using NVivo software to systematically organize
and analyze qualitative data. Following Gibbs’ (2007) guidelines, an iterative and structured
approach ensured transparency and depth in identifying patterns. Articles were coded along
two main axes: Axis 01 captured key factors for 4.0 implementation —definitions, technologies,
benefits, challenges, and systemic changes—while Axis 02 identified research trends across 14.0,
CE, and agriculture, revealing thematic intersections. To enhance reliability and reduce bias,
a manual second screening of all articles was conducted, as recommended by Felsberger et al.
(2020). Figure 4 presents a word cloud of the 50 most frequent terms.

Figure 4. Word Cloud Key Factors for Industry 4.0 Source (Developed with NVivo)
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The analysis revealed that 70% of the research in this field focuses on the manufacturing
industry, while only 30% addresses the agri-food sector. Key trends identified include the emphasis
on sustainable 14.0 technologies for manufacturing, advancements in supply chain innovations
like blockchain and cloud-based solutions, and the transformative impact of digitalization on
CE practices.

This approach ensures a rigorous and comprehensive exploration of the data while
systematically uncovering critical patterns, addressing potential researcher bias, and connecting
theoretical insights to practical applications.
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RESULTS

Key factors for Industry 4.0 implementation in the EU

"Top management commitment and its initialization, monitoring, and evaluation of performance,
competitive advantages, communication channels, trialability, observability, and usability
were summarized by Benzidia et al. (2021) as factors for sustainable digital transformation.
A well-defined management strategy is more likely to provide context for the successtul
adoption of sustainable Industry 4.0 (I14.0) technologies (Pagliosa et al., 2021). Some authors
suggest that modern management in digital enterprises is realized through the adaptation of
new information systems. Management information systems (MIS) use new data processing
solutions to define strategy and build highly integrative enterprise-wide systems, such as
CRM, ERP, and others, to manage processes (Davenport, 1998) and create new business models
(Johnson, 2008).

However, although the implementation of MIS promises greater organizational ethiciency
and strategic effectiveness due to data analytics (with implications for growth related to increased
flexibility, productivity, cybersecurity, and quality of products and services), companies often
fail to expand their product or market potential or reduce their costs using decision support
systems (Dalmarco et al., 2017).

Others, such as Sony et al. (2021), consider other management aspects, such as leadership
and experience, people, and flexibility, as key factors for project management success. A clear
strategy for the operational, economic, environmental, and social sustainability of 14.0 must
be defined in the mission and vision. In addition, accounting for corporate social responsibility
(which is also part of the EU initiatives) needs to be developed, which includes minimal waste,
reusable new material, and no surplus.

To fully evolve, corporate structures need advanced computing solutions (Géelzer & Fritzsche,
2017) and an organizational culture aligned with digital strategy (Martinez-Caro et al., 2020).
Decentralization and involving knowledgeable decision-makers are key to success (Sony et al,
2021). For SMEs, the initial level of digitization is especially important due to the complexity
and cost of [4.0 (Ghobakhloo et al., 2021). Achieving a circular economy (CE) requires a strategic
roadmap with time-bound actions (Horvith & Szabg, 2019) and advanced I'T systems to support
real-time operations and automation (Sony et al., 2021).

Scholz et al. (2020) describe how new business models are emerging around shifts in product
lifecycles and consumer relationships, embedded within value networks that connect equipment,
processes, people, and products. Disruptive technologies and digital innovations are transforming
business practices and consumer behavior, prompting companies to adapt quickly to changing
preferences and value creation demands (Psarommatis et al., 2022). In this context, manufacturing
firms seeking a sustainable transition to 14.0 focus on building strong partnerships, understanding
competitors, and aligning with both EU legislation and regional specificities (Sony et al., 2021).
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Smart management and automated manufacturing, driven by big data and cyber-physical
systems, introduce challenges in data integrity, privacy, and security (Rajput & Singh, 2019).
Cyber-attacks can lead to equipment damage and disruptions that may risk system integrity and
availability (Abbasi et al., 2022), while blockchain offers protection against data manipulation (Song
& Moon, 2020), reinforcing cybersecurity as a key enabler of sustainable digital transformation
(Ghobakhloo et al., 2021).

Therefore, successful 14.0 implementation in the EU relies on several critical factors
aligned with CE goals. Strong leadership ensures strategic direction toward waste reduction
and resource efficiency (Sony etal., 2021), while a proactive organizational culture supports CE
practices like recycling and remanufacturing (Martinez-Caro et al., 2020). The initial level of
digitalization influences the feasibility of adopting smart, resource-efficient systems (Ghobakhloo
et al,, 2021), and flexibility helps firms adapt to evolving technologies and consumer needs
(Psarommatis et al., 2022). External factors, including regulatory compliance and partnerships,
are also vital (Sony etal., 2021). Cybersecurity safeguards the integrity of digital systems, ensuring
sustainable and resilient operations (Ghobakhloo et al., 2021). Collectively, these elements
enhance efficiency, reduce waste, and support CE-aligned transformation (Benzidia et al.,
2021; Pagliosa et al., 2021).

Following the theoretical review and the authors” analysis, those six factors might have
the greatest impact on the sustainable implementation of I4.0 in companies, according to the
research (see Table 2).

Table 2. Key Factors for Industry 4.0 Implementation while Respecting the Principles of CE

Management

Strong leadership toward green and digital manufacturing (Jabbour et al., 2021)

Implementation of Managerial Information Systems (MIS) (Fountas et al., 20283; Lezoche et al,, 2020)

Application of efficient project management practices (Scholz et al., 2020)

Organizational culture

Inclusive team commitment and motivation (Martinez-Caro et al., 2020))

Build organizational culture ready for change (vertical and horizontal) (Sony et al., 2021)

Increase knowledge, support and understanding for sustainable practices (Satyro et al., 2023)

Decentralize (Moeuf et al., 2018)

Continue
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Table 2. Key Factors for Industry 4.0 Implementation while Respecting the Principles of CE  Concludes

Initial level of digitalization

Plan according to the size of the company (Bilgen, 2021; Sommer, 2015)

Attract decision-makers with knowledge and understanding of the process (Raj et al.,, 2020)

Invest smartly in new technologies, following a pre-defined time-based plan (Frank et al., 2019)

Implement technical support and training (Bongomin et al., 2020)

Advancing IT systems for smooth flow of information (Almada-Lobo, 2016)

Consumerization

Work with the consumer for the consumer (Yagot et al., 2021)

Constantly focus on quality (Psarommatis et al., 2022)

External environment

Close interorganizational links and build solid ties with partners and competitors (Pagliosa et al., 2021)

Strictly follow new government decisions and regulations, especially in the field of CE (Rashed & Shah, 2021)

Consider regional specifics (Prause & Atari, 2017)

Data management and Cybersecurity

Easy access to data within the organization to reduce errors and utilize resources more efficiently (Kashyap et al,, 2023)

Secure the data of the consumers and the business (Kashyap et al., 2023)

These factors collectively enable companies to navigate the complexities of digital
transformation, enhance operational efficiency, and ensure sustainable growth. By integrating
advanced technologies like cyber-physical systems, Io'T, and blockchain within a well-defined
management framework, businesses can drive innovation while meeting CE goals. However,
the implementation challenges, particularly for SMEs, highlight the need for clear roadmaps,
targeted investments, and collaborative efforts to bridge gaps in digital maturity. As companies
continue to adapt to the dynamic landscape of 4.0, these factors will remain pivotal in ensuring
both competitiveness and sustainability in a rapidly evolving global economy.
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Key factors for 14.0 in the agri-food sector

The agri-food industry represents a large percentage of the total manufacturing value-added,
provides many jobs, and accounts for a significant share of the gross domestic product (GDP) of
most countries (Food and Agriculture Organization of the United Nations [FAO], 2023). Meanwhile,
the sector also faces challenges related to growing demand for food, food safety and insecurity,
disrupted supply chains, environmental externalities and sustainability, competitiveness, and
technological adoption of SME:s (Stillitano et al., 2021), and some of the challenges related to
recent geopolitical, health, and economic shocks.

The term “Agri-Food 4.0” draws a direct analogy to “Industry 4.0” and originates from
the broader evolution of “Agriculture 4.0.” This evolution reflects how the agri-food sector has
progressed alongside industrial technological shifts—beginning with “Agriculture 1.0,” marked
by mechanized equipment; moving to “Agriculture 2.0,” with the introduction of electricity
and intensive production; followed by “Agriculture 3.0, featuring robotics and specialized
machines capable of completing entire fieldwork cycles. Today, the sector enters a new phase
influenced by 14.0 technologies, embracing tools, methods, and strategies such as autonomous
agriculture (Miranda et al., 2019).

According to the European 14.0 strategy, Agriculture 5.0 envisions digitally integrated
companies using robotics and Al to manage production, supported by technologies like 10T, big
data, blockchain, and practices such as collaboration and open innovation (Abbasi et al., 2022). This
shift transforms production infrastructure —networked farms, smart machinery, and advanced
facilities—enhancing productivity, quality, and environmental protection. It also reshapes value
chains and business models, emphasizing knowledge management (European Commission,
2023), intelligent control of agri-food subsystems (Miranda et al., 2019), and the adoption of Farm
Management Information Systems (FMIS) to reduce costs, ensure compliance, and maintain
high standards (Fountas et al., 2015).

Smart agri-food companies are constantly adapting their product life cycles to meet rapidly
changing consumer preferences, placing more emphasis on environmentally friendly production
(Veza etal., 2015). One of the most important requirements to meet is to be constantly competitive
in the market, but also to respond appropriately to unexpected supply chain disruptions due to
pandemics, the war in Ukraine, or other external factors (Miranda et al., 2019).

Previous research has identified the following relevant factors for the digital transformation
of small and medium enterprises in the agri-food sector: management support for the adoption
of technologies, the presence of leaders, strategic management, organizational culture, and
resources. Other authors have focused on the size of the company (Grau & Reig, 2021). Despite
the challenges faced by some companies and sectors, 14.0 in agri-food encompasses “networked
manufacturing,” “self-organizing adaptive logistics” and “customer-integrated engineering”
(Prause, 2017) and contributes to better management performance and higher outcomes in the
industrial enterprise, while realizing sustainable industrial value creation in all three sustainability
dimensions - economic, environmental, and social. Sustainability in digitized agri-food enterprises,
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as described by Albiero et al. (2020) and Moldavska and Welo (2017), could be related to energy
and resource efficiency, increased productivity, shortening innovation time, etc. Other authors
suggest product traceability and transparency throughout the life cycle of the product, as well as
operational strategies (Gunasekaran et al., 2013) to achieve sustainable goals. Popular CE-based
approaches to solving the problems facing the food sector consist of technology-based solutions,
social and behavioral changes, and policy recommendations.

However, the existing academic literature on Agri-food 4.0 lacks a consistent focus on CE.
A few studies have analyzed the performance of different geographical regions, supply chains,
and waste management systems to CE (Padilla-Rivera et al., 2020). Zeller et al. (2020) compared
the environmental impacts of diverting material flows from linear to circular systems and
recognized the environmental performance of each. Although CE has the potential to help
the agri-food sector transition to an equitable and sustainable perspective, the challenges and
limitations of applying CE to the food sector remain unclear (Friant et al., 2020; Zhang et al.,
2022). Based on Friant et al. (2020), we divide the timeline of CFE concepts into three phases:
the preamble period (1945-1980), dealing with resource limits and waste (i.e., CE 1.0), the
excitement period (1980-2010), dealing with eco-efficiency and techno-fixes (i.e., CE 2.0),
and the challenge period (2010-present), which is concerned with integrated approaches to
resources, consumption, and waste (i.e., CE 3.0), where various inconsistencies and theoretical
conceptual disputes of CE need to be resolved.

Some studies have enumerated the factors behind the agri-food sector’s transition to CE and
digitized production (Borrello etal., 2017). Padilla-Rivera et al. (2020) proposed a holistic framework
and used it as an evaluation criterion to identify social indicators for assessing the performance
of CE strategies. Most notably, social challenges include the immense risk of cybercrime due to
increasing connectivity and job losses (Stoycheva & Antonova, 2018), resulting from the automation
of large parts of workflows in many industries. Although new opportunities for highly skilled
categories are emerging, the volume of these jobs is declining. SME managers’ intentions to
use digital models in the agri-food sector depend mainly on the performance expectations of
the technologies, the complexity of the technologies, and the social influence exerted on them
(Psarommatis et al., 2022).

From a management perspective, sustainability in the agri-food sector encompasses the
innovation, technological, and social dimensions of 14.0. A key aspect of this is social innovation
(Al-Obadi et al., 2022; Piccarozzi et al., 2018), which involves creating and implementing effective
solutions to complex and often systemic social and environmental challenges, thereby supporting
social progress (European Commission, 2023). In the agri-food context, the concept of social
innovation is complex and multidimensional, often referred to as the social mechanisms of
innovation, social responsibility of innovation, and innovation of society (Bock, 2016). It also
includes challenges, such as data sharing and communication standards, as well as the ability
of farmers to invest and modernize their production practices, which vary across regions and
societies. Therefore, social innovation can be defined as a success factor with a high impact on
the sustainable implementation of 14.0 in the agri-food sector (Table 3).
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Table 3. Key Factors for Agriculture 4.0 Implementation while Respecting the Principles of CE

Management

Strong leadership toward green and digital manufacturing (Miranda et al., 2019)

Implementation of MIS and cloud computing for analyzing soil-related information (Fountas et al., 2015)

Organizational culture

Inclusive team commitment and motivation (Grau & Reig, 2021)

Build organizational culture ready for change (vertical and horizontal) (Grau & Reig, 2021)

Initial level of digitalization

Improved wireless communication network to balance growing demand and supply (Veza et al., 2015)

Use advanced IT equipment for large-scale planting and harvesting (Alam et al,, 2023)

Consumerization

Precision farming to reduce pollution, and the usage of pesticides and chemical fertilizers (Gunasekaran et al., 2013)

Customer-integrated production (Miranda et al., 2019)

External environment

Strictly follow new government decisions and regulations, especially in the field of sustainable agricultural policies (Zeller et
al., 2020)

Consider regional specifics (Padilla-Rivera et al., 2020)

Data management and Cybersecurity

Exchange of data between different devices and machines (Alam et al., 2023)

Data Analytics to boost agricultural output (Alam et al., 2023)

Social challenges to keep in mind

Identification of the social aspects of circular economy production (Padilla-Rivera et al., 2020)

The successtul implementation of [4.0 in the agri-food sector hinges on several critical
factors that integrate technological, organizational, and social dimensions. Strong leadership and
strategic management are essential to navigating the complexities of digital transformation, with
technologies such as MIS and cloud computing playing pivotal roles in enhancing productivity
and sustainability. An adaptive organizational culture that fosters motivation and readiness for
change is equally vital. The initial level of digitalization, including wireless communication
networks and advanced I'T equipment, determines the feasibility and scope of implementing
smart agricultural systems. Consumerization, focusing on precision farming and customer-
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integrated production, ensures environmentally sustainable practices and aligns with rapidly
evolving consumer preferences. Furthermore, external factors, such as adherence to government
regulations and regional adaptations, must be carefully managed to facilitate a smooth transition.
Data management and cybersecurity remain central to protecting valuable information and
boosting operational efficiency, while social innovation addresses systemic challenges, ensuring
equitable and sustainable progress.

In the agri-food sector, Agriculture 4.0 shares key implementation factors with 14.0, adapted
to its context. These include: management support for aligning with CE goals (Albiero et al.,
2020); leadership to steer sustainable strategies (Grau & Reig, 2021); an adaptive organizational
culture to encourage the adoption of eco-innovations and CE practices (Martinez-Caro et al.,
2020); sufficient resources and infrastructure to implement smart agricultural systems (Fountas et
al., 2015); technological adoption to boost innovation and sustainability (Abbasi et al., 2022); and
social innovation to address systemic challenges, ensuring equitable and sustainable progress
(Piccarozzi et al., 2018). Together, these factors advance CFE by enabling precision farming, lowering
resource use, and enhancing traceability (Gunasekaran et al., 2013).

The factors outlined in Figure 5, along with their original academic sources, form the
basis for developing a grounded theory. Following Gibbs (2007), this theory may emerge from
examining the interconnected elements shaping 4.0 implementation in the EU agri-food
sector. Through a systematic analysis, this theory could explain how agri-food firms can navigate
technological, social, and sustainability challenges while advancing CFE goals.

Figure S. Framework of the Critical Factors for Industry 4.0 and Agriculture 4.0 (per Authors)
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Interrelation between critical factors for 14.0 / Agriculture 4.0 and CE

Figure 5 shows the integration of [4.0 and Agriculture 4.0 within a CE framework, emphasizing
the interconnection of key factors. Leadership plays a vital role in aligning strategies with CE
goals, focusing on waste reduction and resource efficiency (Sony et al., 2021), while management
support enables the adoption of technologies like loT and blockchain to improve transparency
and traceability (Gunasekaran et al., 2013). Together, these elements drive sustainability and
operational efficiency.

The interplay between organizational culture and technological adoption is also critical.
A proactive organizational culture fosters readiness for change, supporting CE practices like
recycling and remanufacturing (Martinez-Caro et al., 2020). In turn, adopting 14.0 technologies
enhances production efficiency, reduces environmental impact, and maintains competitiveness
(Prause & Atari, 2017). This synergy is essential for sustainable value creation across economic,
environmental, and social domains.

Finally, the availability of resources and competitive advantages plays a significant role in
the successful implementation of CE principles. Sufficient resources enable scalable initiatives
like eco-design and waste prevention (European Environment Agency, 2016), while CE-driven
advantages strengthen market positioning and sustainability compliance (Padilla-Rivera et al., 2020).
Leveraging these assets allows firms to boost sustainability performance and remain competitive.
This highlights the need for a holistic approach that integrates technological, organizational,
and social dimensions to build a resilient CE.

This holistic framework emphasizes the need to balance technological advancements with
sustainability goals, reflecting the unique dynamics of the agri-food sector within the broader
industrial landscape. Additionally, it highlights the importance of social change as a critical
driver, ensuring that the transition to 4.0 aligns with societal expectations for sustainable and
equitable development. By integrating these diverse elements, we provide actionable insights
for both researchers and practitioners working to enhance resilience and innovation in the agri-
food sector. Prioritizing these interconnected factors enables the agri-food sector to effectively
harness the potential of 14.0 to meet global food demands, enhance competitiveness, and
transition toward CE.

CONCLUSIONS

The rapid pace of digital transformation underscores the necessity for organizations to adapt swiftly
to remain competitive in local and global markets. Recent disruptions, such as the COVID-19
pandemic and supply chain challenges, have highlighted the urgency for reassessing business
strategies to enhance flexibility, mass customization, and high-quality production. European
policies—such as technology roadmaps and innovation hubs—support SMEs in transitioning
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to smart and sustainable technologies. However, many still face challenges due to resource
constraints, risk aversion, and limited technical expertise.

Therefore, the study identifies six critical success factors for 14.0 implementation: (1)
strong leadership, (2) an adaptive organizational culture, (3) alignment with initial digitalization
levels, (4) a focus on product life cycles and consumer relations, (5) consideration of external
environments, and (6) robust cybersecurity measures. These factors provide a comprehensive
framework for organizations to navigate digital transformation effectively while aligning with
sustainability principles and circular economy (CE) goals.

It is crucial to align digital transformation strategies with key success factors to achieve
sustainable growth and competitiveness in 14.0 and Agri-food 4.0. By addressing the unique
challenges faced by SMEs and emphasizing the integration of CE and social innovation
principles, organizations can effectively navigate the complexities of digitalization. The proposed
framework provides a roadmap for global managers to foster innovation, enhance resilience, and
contribute to a more sustainable and equitable future across industrial and agricultural systems.

Theoretical contributions

This study contributes to the growing literature on 14.0 and Agri-Food 4.0 by offering an integrated
framework that combines digital transformation, CE, and social innovation theories. It advances
understanding by identifying critical factors that enable sustainable digital transformation across
diverse sectors. By emphasizing the intersection of agriculture, technology, environmental
science, and economics, the study highlights the interdisciplinary nature of this field and the
importance of addressing social dimensions, such as job displacement and equitable access to
technology.

The integration of 14.0 and Agriculture 4.0 with CE involves addressing social challenges
such as job displacement and cybersecurity risks (Stoycheva & Antonova, 2018). Social
innovation plays a critical role in creating solutions to these systemic challenges, supporting
social progress and sustainable practices (Al-Obadi et al., 2022; Piccarozzi et al., 2018). By
emphasizing social innovation, companies can enhance their sustainability performance
and adapt to changing consumer preferences while maintaining competitiveness (Psarommatis
et al., 2022).

Managerial implications

For managers, the findings offer actionable insights into navigating 14.0 transitions. Strong
leadership and a supportive organizational culture are pivotal for fostering adaptability and
resilience. Managers are encouraged to evaluate existing business models, ensuring investments
in digital technologies are complemented by robust infrastructure and employee training.
Collaboration with technology providers and adherence to regulatory frameworks are essential
for aligning with CE principles and achieving sustainability goals. In the agri-food sector, social
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innovation should be integrated into strategic planning to access premium markets that value
sustainability and ethical practices, while addressing systemic challenges such as data sharing
and workforce modernization.

The successful adoption of 14.0 in the agri-food sector depends on the integration of
technological, organizational, and social dimensions. Strong leadership and strategic management
are vital for managing digital transformation, with tools like MIS and cloud computing boosting
both productivity and sustainability (Davenport, 1998). An adaptive organizational culture that
embraces change is key to effectively implementing CE practices (Martinez-Caro et al., 2020).
By addressing these interconnected factors, agri-food firms can align with CE goals, achieving
sustainable growth and long-term competitiveness in a fast-changing global market.

Limitations and future research

This study is subject to limitations common to systematic reviews, such as subjective inclusion
criteria and potential publication bias. The focus on Europe may restrict the generalizability
of findings to regions with different economic and technological contexts, and the reliance on
secondary data limits empirical validation of the proposed framework.

Future research should empirically test the identified success factors across sectors and
geographies, especially in underrepresented regions like Latin America, where infrastructure
and workforce readiness remain barriers. Longitudinal studies could track evolving challenges
to 14.0 adoption, while quantitative research might assess the role of social innovation in agri-
food SMEs across Europe. Additionally, exploring emerging paradigms such as Agriculture 5.0
and 6.0 —and their societal and environmental impacts—would enrich the discourse (Neves
etal., 2023).
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