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Abstract

Agri-food supply chains (AFSCs) need to become more sustainable, and Industry 4.0

(I4.0) is a crucial enabler. However, various barriers make adopting I4.0 technologies

to achieve AFSC sustainability challenging. Few previous studies have examined

China's agri-food industry. Through a literature review and consultation of Chinese

experts, we identify 27 barriers in six categories and prioritize these using a group-

based fuzzy analytic hierarchy process to produce novel results. First, we identify six

new I4.0 adoption barriers closely linked with China's economic, social and cultural

environments, including acquisition of intelligent agricultural equipment subsidies

based on guanxi. Second, our prioritization of barriers reveals that the key challenges

to applying I4.0 are the increased cost of terminal logistics, acquisition of intelligent

agricultural equipment subsidies based on guanxi, low compatibility of I4.0 technolo-

gies with existing agricultural equipment, and problems with the government subsidy

model. These results have managerial implications for governments and knowledge

dissemination organizations.
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1 | INTRODUCTION

Agri-food supply chains (AFSCs) encompass processes from farm to

fork, including production, processing, wholesale distribution, retailing

and consumption (Zhao et al., 2023). Scholars and industry

practitioners widely recognize AFSCs' critical roles as suppliers of suf-

ficient, high-quality and affordable foods to final consumers, providers

of raw materials to other industries (e.g., pharmaceuticals, textiles,

hospitality, beverages and chemicals) and the backbone of national

economies and workforce employment. They also play a role in
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reducing the impacts of climate change (FAO, 2022). However, natu-

ral, economic and social environmental pressures are making sustain-

ability more difficult to achieve. For example, extreme weather

conditions are causing unstable yields, consumers' awareness of and

demand for organic agri-food products is increasing, excessive use of

agrichemicals is leading to deterioration of soil, groundwater and bio-

diversity, high pesticide residues may damage human health, and long

working hours cause anxiety and depression among employees (Joshi

et al., 2023). Demand for advanced agricultural technologies is

increasing and may assist AFSC practitioners in tackling current and

future challenges.

Industry 4.0 (I4.0) technologies are characterized by automation,

flexibility, productivity, efficiency and customization. They include

emerging technologies such as the internet of things (IoT), artificial

intelligence (AI), augmented/virtual reality (AR/VR) and industrial

robots (Ghobakhloo, Fathi, et al., 2021; Prajapati et al., 2024; Singh

et al., 2024). These technologies have great potential to significantly

increase AFSCs' sustainability. For example, agricultural robotics can

be used for harvesting and picking, sorting and packaging and weed

control (Yang et al., 2023); IoT is applied to agricultural management,

monitoring and control systems (Kim et al., 2020); and blockchain

technology helps to achieve AFSC transparency (Zhao et al., 2019).

I4.0 technologies integrate machines, people and data, producing

healthier crops, higher yields, better cost management, waste reduc-

tion and smaller carbon footprints, thereby contributing to AFSC sus-

tainability. Awan et al.'s (2023) analysis of 112 peer-reviewed papers

in this field reveals that scholars recognize the importance of I4.0 and

sustainability and have produced a rich body of knowledge. However,

forms of I4.0 technologies and sustainable practices vary widely

between different types of supply chains. Accordingly, Awan et al.

(2023) call for further research to enrich the debate on I4.0 and sus-

tainability across operations and supply chain management.

Although AFSCs' adoption of I4.0 technologies promises a range

of benefits, the trend is in its infancy. I4.0 techniques are still at the

early-adoption stage and their implementation requires further explo-

ration (Ul-Durar et al., 2023). In Molex's (2021) survey of 216 AFSC

stakeholders, only 6% had successfully deployed I4.0 solutions and

12% were about to do so. Deloitte's (2020) global annual survey of

agricultural businesses' preparedness for a connected era indicates

that among 12 investment priorities, only 17% of chief experience

officers prioritize I4.0 technology investment. Interestingly, none of

the 200 executives surveyed by Deloitte recognized the potential

of I4.0 technologies to advance societal and environmental initiatives,

indicating a need for research on I4.0 technologies and AFSC sustain-

ability. Based on a survey of more than 5500 crop farmers globally,

McKinsey and Company (2023) develops a global agri-tech adoption

map, showing that 62% of farmers in Europe, 61% in North America

and 50% in South America were already using or planning to use farm-

management software and remote sensing in the next 2 years. In con-

trast, only 9% of surveyed Asian farmers were planning to do so. With

regard to other precision agriculture technologies, such as yield moni-

toring and mapping, variable rate fertilizer application, sprayer section

controllers and in-field sensors, more European, South American and

North American farmers (approximately 28%) expressed willingness to

adopt these technologies in the next few years, compared with only

4% of Asian farmers. Asian farmers' willingness to apply agri-tech was

hampered by a range of barriers, the top three of which were reluc-

tance to pay, the high cost of technology and unclear returns on

investment. A report on the future of I4.0 in Wales (National Assembly

for Wales, 2018) indicates the main challenges to applying I4.0 in agri-

culture. These include difficulties in interpreting data produced by I4.0

technologies, the amount of training and skilling needed, additional

management time required to take-up precision agriculture, lack of

good 5G and broadband coverage, the technologies' impact on agricul-

tural employment and ethical issues involved in manipulating data. As

I4.0 adoption is complex and dynamic (Kamble et al., 2018), empirical

research on I4.0 adoption barriers in different countries may elicit

effective mitigation strategies to smooth the adoption process. Based

on a review of 109 papers published between 2011 and 2021

focusing on the digital and sustainable transition of the agri-food

sector, Abbate et al. (2023) recommend further exploration of barriers

to implementing I4.0 and sustainability. In our study, we aimed to

address this issue by answering two research questions: (1) what bar-

riers impede I4.0 adoption to achieve AFSC sustainability; and (2) how

are these barriers prioritized? To answer the first question, grounded

in grand theory (GT), we reviewed relevant literature and consulted

10 Chinese experts to identify 27 I4.0 adoption barriers. GT differs

from other theories because it aims to identify cause-and-effect rela-

tionships that can be broadly applied to other similar situations, con-

texts or phenomena of interest (Zhao, Zhao, et al., 2024). To answer

the second question, we adopted a group-based fuzzy analytic hierar-

chy process (GFAHP) to prioritize the 27 barriers based on the judge-

ments of three experts. A GFAHP was implemented because human

estimations are uncertain and vague, and it is difficult for a single

decision maker to make reliable decisions (Che et al., 2020). Our study

appears to be the first to use GT to identify barriers in macro-level

environments, meso-level AFSCs and micro-level organizations, and

the first to apply a GFAHP to prioritize barriers.

Our study makes several theoretical contributions. First, we con-

tribute to GT by identifying six new I4.0 adoption barriers deeply rele-

vant to China's cultural, economic and social environments seldom

mentioned by other scholars (Cui et al., 2021). These include acquisi-

tion of intelligent agricultural equipment subsidies based on guanxi,

problems with the government subsidy model and lack of non-profit

knowledge brokers to transfer knowledge and skills. In similar studies,

Kumar, Singh et al. (2021) identify 15 barriers to sustainable opera-

tions in the era of I4.0 and circular economy (CE), including lack of a

skilled workforce and an ineffective performance framework; Mathi-

vathanan et al. (2021) consider barriers to the adoption of blockchain

technology in business supply chains such as lack of business aware-

ness; and Dwivedi and Paul (2022) produce a barrier framework for

digital supply chains in the era of CE by seeking the opinions of five

experts from different industrial backgrounds. These studies provide

understandings of barriers to adopting I4.0 technologies to achieve

sustainability from a general rather than context-specific perspective,

limiting the insights obtained. Second, existing studies of I4.0
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 10990836, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bse.3928 by U

N
IV

E
R

SIT
Y

 O
F E

SSE
X

, W
iley O

nline L
ibrary on [06/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



adoption barriers prioritize technological and economic categories

(Govindan et al., 2014; Mathiyazhagan et al., 2013; Nimawat &

Gidwani, 2021). In contrast, we conclude that environmental and sup-

ply chain barriers should be given critical attention. Third, lack of gov-

ernment support, the high costs of investing in I4.0 technologies and

lack of trained staff are widely discussed as key barriers to I4.0 adop-

tion (Senna et al., 2022). However, we conclude that the top four bar-

riers in our context are the increased cost of terminal logistics,

acquisition of agricultural equipment subsidies based on guanxi,

incompatibility with existing agricultural equipment and problems with

the government subsidy model. Our study also has managerial impli-

cations, highlighting that non-profit knowledge mobilization organiza-

tions are required and that the government should subsidize

intelligent agricultural equipment manufacturers that have wide con-

nections with farmers and research institutes.

In the remainder of this article, in Section 2 we review relevant lit-

erature, and in Section 3 we describe our research methodology. In

Section 4, we present our analysis of data collected by reviewing the

literature and consulting experts, and our prioritization of barriers

using a GFAHP. In Section 5, we discuss the theoretical contributions

and managerial implications of our study, and in Section 6, we draw

conclusions and discuss limitations and future research directions.

2 | LITERATURE REVIEW

In this section, we review five key themes: GT to build a theoretical

foundation for this study; characteristics of China's agri-food industry;

I4.0 technologies and their applications in AFSCs; AFSC sustainability

in the era of I4.0; and barriers to deploying I4.0 technologies to

achieve supply chain sustainability. Our findings are then synthesized

to identify research gaps.

2.1 | Grand theory

Several theories have been widely used to investigate supply chain

and logistics issues, including the resource-based view (RBV), dynamic

capabilities, contingency theory (CT), stakeholder theory, institutional

theory, transaction cost economics (TCE) and social network theory.

For example, Ren et al. (2023) deploy the RBV to build a technology

transfer model that adheres to CE principles, and McAdam et al.

(2019) employ CT to explore supply chain quality management. These

general theories are useful for exploring supply chain phenomena at a

high level of abstraction, but fall short in linking the phenomena with

wider contexts. This made them inappropriate for our study, as

achieving sustainability by adopting I4.0 technologies is a tough issue

that requires synergies across various aspects, including culture and

mindset, technological requirements, infrastructural framework, eco-

nomic incentives and market enablement and the regulatory environ-

ment (European Environment Agency., 2021). GT differs from these

general theories in postulating that all social issues occur because of

forces operating at all levels of social reality. The more of reality

examined, the more ‘grand’ is the theory. GT is a unified theory that

aims to capture every aspect of the phenomenon being investigated.

It can be considered as a ‘guide’, a ‘big picture’ or a ‘map’ to orient

research (Turner & Boyns, 2002). A GT is broad in scope, providing a

comprehensive framework to explain complex phenomena by empha-

sizing broad perspectives.

We employed GT to investigate I4.0 adoption barriers for three

reasons. First, GT seeks to identify essential environmental and/or

organizational variables that may help understand the phenomenon

being investigated (Sanchez & Heene, 2017). More specifically, it aims

to uncover cause-and-effect relationships that can be broadly applied

to all cases and contexts in the field of study. In our opinion, a com-

prehensive understanding of I4.0 adoption barriers can only be

obtained by analysing barriers at the macro-, meso- and micro-levels

of environments, supply chains and organizations. Our study focuses

on China, the unique economic, cultural and social environments of

which provided us with a foundation for linking this context with I4.0

adoption barriers. For example, China's hierarchical cultural value ori-

entation leads people to seek to build connections with key govern-

ment officers who have power to control resources. This cultural

environment elicits I4.0 adoption barriers such as acquisition of intelli-

gent agricultural equipment subsidies based on guanxi, and lack of

non-profit knowledge brokers to transfer knowledge and skills. Our

second reason for using GT was that it is a well-developed theory that

has been used to facilitate theory-driven research. For example,

Turner and Boyns (2002) propose that the social landscape should be

explained by linking macro- and micro-levels of reality. According to

Widodo (2018), GT seeks to provide an overarching framework for

understanding the complexities of management. Third, GT has seldom

been used to investigate supply chain management issues. For exam-

ple, Gligor et al.'s (2019) review of 411 articles published in six top

supply chain management journals over the last ten years indicates

that 15 theories are frequently used to explore supply chain manage-

ment issues. These include RBV, TCE, agency theory, social capital

theory and relational exchange theory, but not GT. From a structured

review of sustainable supply chain management, Touboulic and

Walker (2015) reach a similar conclusion. Thus, we adopted GT to

F IGURE 1 The theoretical framework of I4.0 adoption barriers.
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investigate barriers to I4.0 adoption to achieve AFSC sustainability.

Our theoretical framework is shown in Figure 1.

2.2 | Characteristics of China's agri-food industry

China's agri-food industry differs in several aspects from other indus-

tries, and thus warrants empirical investigation. First, over the last four

decades, young people have migrated from rural to urban areas.

Urbanization in China has increased steadily from 19.39% in 1980 to

65.22% in 2022 (Guo et al., 2022), causing labour shortages and an

ageing workforce in China's agri-food industry. According to a recent

global agricultural productivity report, more than 60% of agri-food

industry practitioners in China are over 45 years old, whereas only

14% are under 35 years old. Second, Chinese consumers' preferences

and food consumption patterns are changing with the rise of the mid-

dle class. China has the most middle-class families in the world, with

57.02% having an annual income of between 100 and 300 thousand

yuan (Sicular et al., 2022). Middle-class families' increasing incomes

enable them to pay more attention to high-quality, organic, low pesti-

cide residue agri-food products, thereby forcing a transformation of

traditional agriculture. Third, China uses 7% of global arable land and

6% of water resources to support 20% of the world's population.

However, over 92% of farms in China are small, with less than 0.1 ha

of land (Zhu et al., 2019), precluding the operation of large-scale agri-

cultural technology. Fourth, agri-food logistics, e-commerce platforms

and grocery shopping have grown steadily with continuous invest-

ment in infrastructure, yet bottlenecks in logistics capabilities persist.

Finally, agri-food products are perishable, so special equipment, such

as cold storage and refrigerated trucks, is required for their transpor-

tation and storage (Zhao et al., 2020).

To address these widespread issues in China's agriculture, rural

areas and farms, the government is focusing on revolutionizing the

agri-food industry. For example, the 14th Five-Year Plan proposes to

achieve agricultural modernization between 2021 and 2025. Thus,

policies have been established to support the development of modern

agricultural equipment and advanced technologies (State Council.,

2021). I4.0 technologies have the capability to improve product

quality, reduce operational costs, increase productivity and enhance

sustainability and are therefore considered key to revitalizing China's

agri-food industry.

2.3 | Applications of I4.0 technologies in AFSCs

The concept of I4.0 was originally proposed to revolutionize the

manufacturing industry by using advanced information and communi-

cation technologies (ICTs). It was developed to connect and link

assets, products and people by breaking intra- and inter-organizational

boundaries, thereby establishing a new industrial production ecosys-

tem that combines the physical and virtual world (Xu et al., 2018).

Several design principles have been established for I4.0 (Canas

et al., 2021; Qin et al., 2016). Interconnection or connectivity refers to

linking digital devices by deploying ICTs. Decentralized decision mak-

ing involves making decisions automatically in real time by installing

artificial agents in production, planning and management processes.

Intelligent awareness or autonomy means that machines must be

equipped with self-awareness and the capability to provide assistance,

knowledge or help to fulfil group goals. Human factors also play a

critical role in implementing technological and organizational methods

to achieve control and production targets (Parente et al., 2020). Based

on these principles, various I4.0 technologies have been developed,

combined and applied in supply chains to achieve high operational

efficiency, productivity, customization, profitability, safety and auto-

mation. Queiroz et al. (2021) identify six core I4.0 technologies,

Gebhardt et al. (2022) identify eight and Dalenogare et al. (2018) iden-

tify ten, indicating a lack of consistency and scholarly agreement on

I4.0 technologies. This may be due to research interests in specific

industries, such as manufacturing, health or agri-food, with limited

understanding of applying I4.0 technologies to other industries with

differing requirements. As a result of synthesizing literature reviews

relating to I4.0 and supply chain management, we identify 10 fre-

quently mentioned I4.0 technologies: cyber-physical systems, IoT, big

data analytics, cloud technology, AI, blockchain technology, simulation

and modelling, AR/VR, automation and industrial robots, and additive

manufacturing (Awan et al., 2021; Zheng et al., 2021).

I4.0 technologies can also be applied to AFSCs to achieve sustain-

able and precision farming, waste reduction, enhanced food safety

and quality, and improved traceability. For example, at the farming

stage, sensors, IoT and mobile software are combined to understand

soil composition and measure soil nutrition, temperature and mois-

ture; drones, global positioning systems (GPS), satellite imaging and

programmes are integrated to monitor crop health; and big data ana-

lytics are used to predict weather and improve farming operations

(Cotter & Asch, 2020). At the manufacturing stage, robotics, IoT, sen-

sors and AI are integrated for packaging and palletizing, to increase

production efficiency and capacity, and to reduce labour and produc-

tion costs (Aly et al., 2023), and AR/VR is used to provide an

enhanced learning environment to enable new employees to master

skills and knowledge (Akcayir & Akcayir, 2017). At the distribution

stage, radio frequency identification, IoT, blockchain technology, GPS

and sensors are employed for secure transactions and food tracking

(Zhao et al., 2019), and AI and big data analytics are used to optimize

logistics and reduce transit time (Bouzembrak et al., 2019). Finally, at

the retailing and consumption stages of AFSCs, mobile software, big

data analytics, AI and machine learning are combined to personalize

agri-food product recommendation (Misra et al., 2022). Figure 2 illus-

trates I4.0 technology-enabled AFSCs.

2.4 | AFSC sustainability in the I4.0 era

Sustainability refers to ‘development that meets the needs of the pre-

sent without compromising the ability of future generations to meet

their needs’ (World Commission on Environment and Development,

1987, p. 8). This widely cited definition emphasizes the economic

4 ZHAO ET AL.
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dimension of sustainability, but provides little guidance on how to

achieve it, making it difficult for organizations to apply. Elkington's

(1997) triple bottom line (TBL) explicitly incorporates three main com-

ponents into sustainability: social, economic and environmental. This

enhanced concept has been applied to various areas. For example, in

agriculture, USDA (2023) defines sustainable agriculture as a system

that is environmentally friendly, socially supportive, commercially

competitive and resource conserving, with the capability to satisfy

humans' long-term food and fibre needs. In engineering, sustainability

is described as using resources and materials efficiently with minimal

environmental impact while also cutting costs (Hasna, 2010). In busi-

ness and management, numerous definitions are proposed for SSCM.

For example, Carter and Rogers' (2008) definition is based on the TBL

and four supporting facets of sustainability identified from the litera-

ture (risk management, transparency, strategy and culture). This indi-

cates that the supply chain's social, economic and environmental goals

are achieved through a transparent, systematic, strategic process of

integrating and coordinating stakeholders' business processes, thereby

providing long-term economic benefits to supply chains and individual

companies. Ahi and Searcy's (2013) alternative definition focuses on

SSCM as a process for creating a coordinated supply chain by

integrating social, economic and environmental considerations with

critical inter-organizational processes. They also support the aims of

fulfilling stakeholders' requirements and enhancing supply chain

organizations' long-term profitability, competitiveness and resilience.

These definitions provide little understanding of AFSC sustainability

because they focus on general supply chains rather than specific char-

acteristics of AFSCs, and suggest that social, economic and environ-

mental dimensions are equally important to sustainability (Martins &

Pato, 2019). However, we believe that the environmental dimension

should take precedence over the social and economic dimensions

(Markman & Krause, 2016) because most agri-food activities affect

the former, including intensive agriculture, deforestation to expand

farms, excess use of water and agrichemical products, and soil and air

pollution. The FAO's (2014, p. 6) definition provides a better founda-

tion for understanding AFSC sustainability: ‘the full range of farms

and firms and their successive coordinated value-adding activities that

produce particular raw agricultural materials and transform them into

particular food products that are sold to final consumers and disposed

of after use, in a manner that is profitable throughout, has broad-

based benefits for society and does not permanently deplete natural

resources’.

F IGURE 2 I4.0 technology-enabled AFSCs.
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Since AFSCs' complexity and multiple challenges present obsta-

cles to tackling poverty and hunger issues, I4.0 technologies are being

applied to AFSCs to create pathways to sustainability. According to

the FAO (2023), the only feasible way to continuously increase crop

and livestock productivity to eliminate hunger without damaging natu-

ral environments is to accelerate the application of I4.0 technologies

to the agri-food industry. Among several research streams investigat-

ing AFSC sustainability in the era of I4.0, the first explores applica-

tions of I4.0 technologies to strengthen the economic pillar of AFSC

sustainability. This includes papers relating to ‘value creation’, ‘cost
saving’, ‘productivity’ and ‘investment’ in AFSCs' I4.0 technology

adoption (Piccarozzi et al., 2022). For example, various I4.0 technolo-

gies are applied to the farming stage of AFSCs (e.g., crop monitoring,

irrigation management, decision support and automation) to enhance

efficiency and productivity and reduce operational costs (Nawandar &

Satpute, 2019), and blockchain technology is used at the distribution

stage to enhance food traceability (Feng et al., 2020). In the second

research stream, I4.0 technologies are linked with the environmental

dimension of AFSC sustainability using key phrases such as ‘pollution
control’, ‘energy efficiency’, ‘greenhouse gas management’ and ‘envi-
ronmental impacts’ (Lu et al., 2024). For example, Mahajan et al.

(2022) propose AI-based smart farming to reduce farms' energy con-

sumption, and Liu et al. (2023) suggest that applying digital technologies

may reduce dairy farms' carbon emissions. Third, in relation to the social

dimension of AFSC sustainability, most papers analyse the social impact

of I4.0 technologies and their application to reduce pressures on human

resource management (Cricelli et al., 2024; Stefanini & Vignali, 2022). A

fourth important research stream relating to I4.0 and AFSC sustainabil-

ity is the CE and food waste reduction. Frequently used keywords in

this area include ‘recycling’, ‘waste disposal’, ‘waste management’, ‘cir-
cular economy’, and ‘food loss’. For example, Kumar, Singh et al. (2021)

identify barriers to adopting I4.0 and a CE in AFSCs, and Cappelletti

et al. (2022) explore smart strategies for household food waste man-

agement. Other papers focus on business model innovation, the cus-

tomer domain of AFSCs, government policies and approaches, and the

impacts and challenges of applying I4.0 to achieve AFSC sustainability

(Agnusdei & Coluccia, 2022).

2.5 | Barriers to I4.0 technology deployment to
achieve supply chain sustainability

In this section, we present our systematic literature review (SLR) to

identify barriers to adopting I4.0 to achieve supply chain sustainabil-

ity. Keywords used in previous SLRs (Piccarozzi et al., 2022; Srhir

et al., 2023) pertaining to the areas of I4.0 and SSCM were combined

and used as search criteria in titles, keywords and abstracts using

Business Source Complete, Taylor & Francis Online, and Science

Direct. We selected these databases because they have large collec-

tions of social sciences and humanities journals, cover a wide range of

business and management topics and are easily accessed. We com-

bined keywords as search strings for our database search: (‘I4.0’ OR

‘Digital technology’ OR ‘Smart technology’ OR ‘Smart production’

OR ‘Supply chain 4.0’) AND (‘Barriers’ OR ‘Challenges’ OR ‘Difficul-

ties’ OR ‘Limitations’ OR ‘Obstacles’ OR ‘Inhibitors’ OR ‘Risks’) AND

(‘Supply chain sustainability’ OR ‘Sustainable supply chain’ OR

‘Sustainable development’ OR ‘Circular supply chain’ OR ‘Circular
economy’ OR ‘Sustainable supply chain management’). Our initial

search across the three databases produced 386 journal papers in

English. We then applied criteria to limit the scope for further analysis.

First, the papers had to be published in journals rated 3 or above in

the 2021 Academic Journal Guide (AJG), indicating journals with an

excellent international reputation that publish mainly original and

high-quality research (CABS, 2021). AJG encompasses a broad set of

business and management journals and aims to help researchers to

make informed judgements about the outlets they may wish to pub-

lish in (CABS, 2021). However, journals not listed in the AJG 2021

ranking but with a high impact factor were also considered. In general,

there is no universally applied rules to define a high impact factor

journal because it depends on the discipline and the specialization of

the journal. However, a journal with an impact factor of 10 or higher

is considered as remarkable. In this study, we considered journal's

impact factor and its ranking to make inclusions. For example,

Resources, Conservation & Recycling was included because it had an

impact factor of 13.716 and was ranked fourth in the area of engi-

neering and environmental sciences in 2021. Second, the selected

papers had to have a clear focus on ‘barriers’, ‘I4.0’ and ‘sustainable
supply chain’. Thus, we excluded papers focusing on ‘I4.0 adoption

barriers without referring to sustainability’, ‘enablers of I4.0 applica-

tions’, ‘deployment of I4.0 to address sustainability challenges’ or

‘I4.0 to improve SSCM performance’, or that ‘linked I4.0 and sustain-

ability or the circular economy without stating barriers’. Papers not

published in journals rated 3 or above in the AJG 2021 were also

excluded, including those papers in Sustainability, Journal of Cleaner

Production, Computers & Industrial Engineering, Sustainable Production

and Consumption and Benchmarking: An International Journal. This

resulted in 13 papers for detailed analysis. We then analysed the

selected papers based on the industries, topics and countries on

which they focused, the research methodologies adopted, the multi-

criteria decision-making (MCDM) techniques used, and the barriers

identified (see Table 1).

We allocated the barriers to six dimensions through checking

relevant papers and discussing with experienced scholars: technolog-

ical, economic, environmental, social, supply chain and organizational.

The first four are relevant to macro-level environments, and the last

two are relevant to meso-level supply chains and micro-level

organizations. Trevisan et al. (2023) categorize barriers into eight

dimensions (knowledge management, financial, process manage-

ment & governance, technological, product & material, reverse logis-

tics infrastructure, social behaviour, and policy & regulatory), while

Kouhizadeh et al. (2021) classify them into four categories: techno-

logical, organizational, environmental (supply chain) and environmen-

tal (external). Unlike previous studies, to explore barriers to adopting

I4.0 for AFSC sustainability, our categorization relates to the three

pillars of sustainability, characteristics of AFSCs and features of I4.0

technologies.

6 ZHAO ET AL.
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TABLE 1 Papers and barriers identified from SLR.

Author(s) (year) Industry focus Topic focus

Research

methodology
adopted

MCDM
technique used

Country
focus

Abdul-Hamid et al.

(2020)

Agri-food Impediments to I4.0 in circular economy Modelling paper Fuzzy Delphi

and ISM

Malaysia

Ozkan-Ozen et al.

(2020)

Not specified Barriers to circular supply chains in I4.0 Modelling paper Fuzzy ANP Turkey

Shuvabrata et al.

(2020)

Logistics Barriers to achieving sustainable operations

through IT implementation

Modelling paper Fuzzy ISM and

IRP

India

Annosi et al. (2021) Agri-food Digitalization of AFSCs to prevent food waste Case studies/

Interviews

N/A Greece

Cui et al. (2021) Manufacturing Barriers to IoT adoption for the circular economy Modelling paper SWARA-

CoCoSo

China

Kouhizadeh et al.

(2021)

Agri-food Barriers to blockchain technology adoption to

achieve SSCM

Modelling paper DEMATEL N/A

Kumar, Singh et al.

(2021)

Manufacturing Barriers to integrating sustainable operations and

I4.0

Modelling paper ELECTRE and

AHP

India

Majumdar, Garg, and

Jain (2021)

Textile and

clothing

Managing barriers to I4.0 adoption and

implementation

Modelling paper ISM India

Dwivedi et al. (2022) Footwear Barriers to integrating circular economy and I4.0 Modelling paper Gray-

DEMATEL

India

Govindan (2022) Automotive Barriers to adopting blockchain in circular

manufacturing

Modelling paper DEMATEL Denmark

Mangla et al. (2022) Agri-food Barriers to implementing blockchain-based

sustainable supply chains

Modelling paper Spherical fuzzy

AHP

Turkey

Yilmaz et al. (2022) Not specified Lean and I4.0: Mapping barriers from social and

environmental perspectives

Literature review N/A N/A

Trevisan et al. (2023) Multi-

industries

Barriers to employing digital technologies for a

circular economy

Case studies/

interviews

N/A Brazil

Journals Industrial Marketing Management (AJG3), International Journal of Production Economics (AJG3), Business Strategy and the

Environment (AJG3), Technological Forecasting & Social Change (AJG3), Computers & Operations Research (AJG3), Journal of

Environmental Management (AJG3), Resources, Conservation & Recycling

Barriers identified from papers

Technical Lack of technological development, limited information about infrastructure, information sharing obstacles, lack of privacy

risk, scalability, forking, payment channel challenges, lack of data for analysis, unreliability of technology, poor internet

connection, stakeholders' lack of knowledge of data management, lack of IoT facilities for product tracking and recovery,

transition to digital technologies requires people who are competent in both the new technologies and the firm's operations,

security challenge, access to technology, immaturity of technology, technological suitability and resistance, lack of knowledge

of good environmental practices, technology still requires human observation, lack of technological adaptation, large amounts

of paperwork that are difficult to computerize, lack of generalized framework

Economic High operational costs, high investment costs, lack of financial subvention, high delay cost in transmission, increased

consumer costs, unapparent short-term returns, insufficient tax benefits, unperceived environmental and economic gains, risk

of mis-investment

Social Lack of research and development units, unregistered producers, unskilled producers, limitation of new rules acceptance, low

labour costs, psychological resistance, lack of awareness, fear of fraudulent activity

Environmental Lack of government incentives, difficulty accessing foreign currency, lack of sustainable practices, lack of government

commitment, lack of industry involvement, lack of circular design aspect, threat of environmental hazards, reduced

employment, little government inspection and control, lack of market pressures and demands, market uncertainty, ineffective

performance framework

Organizational Lack of understanding of decentralized organizational structure for supplier collaboration, lack of organizational willingness

and trust in transformation of I4.0 and circular flows, lack of management commitment and support, difficulty in changing

organizational culture or convincing management, lack of integration of company areas

Supply chain Product-specific supply chain difficulties, lack of trust among supply chain partners, limited collaboration among supply chain

partners, perception of new risks potentially affecting stakeholders along the supply chain, cultural differences in supply chain

partners, lack of local supplier databases, lack of knowledge of how to digitalize supply chains

ZHAO ET AL. 7
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2.6 | Synthesis of research gaps

Our literature review highlights several research gaps.

First, few papers (n = 4, 30.77%) focus on the agri-food industry.

This result is consistent with previous literature reviews. For example,

Taddei et al. (2022) find that only 11 out of 198 papers published

between 2010 and 2021 on circular supply chains in the I4.0 era focus

on the agri-food industry. Similarly, Birkel and Muller's (2021) SLR on

I4.0 and SSCM reveals that manufacturing industries have been

extensively investigated, but the agri-food and healthcare industries

require more detailed attention. Our study fills this gap.

Second, our analysis shows that China has received little

scholarly attention, as only one selected paper focuses on China.

This is also consistent with previous literature reviews. For example,

Ghobakhloo, Iranmanesh et al. (2021) review of 10 years of develop-

ment of I4.0 and sustainability indicates that Germany has attracted

the greatest attention, followed by Italy, the United Kingdome, India,

the United States and China. Taddei et al. (2022) show that Indian

authors have contributed most to the area of the circular economy

and I4.0, followed by authors from the United Kingdom, Italy,

Germany, Brazil, Spain and China. Piccarozzi et al.' s (2022) 10-year

review also reveals that India has made the most important contribu-

tions, followed by Germany and China. China feeds a fifth of the

world's population with less than 7% of the world's arable land, and

produces the most cereals, cotton, fruit, vegetables and meats, so

its agri-food industry deserves greater attention. Our study fills

this gap.

Third, modelling is the prevalent research methodology used to

analyse barriers. Specific techniques include interpretive structural

modelling (ISM), decision-making trial and evaluation laboratory

(DEMATEL), analytic network process (ANP), analytic hierarchy pro-

cess (AHP) and fuzzy Delphi (see Table 1). However, few scholars

have used GFAHP, which differs from traditional AHP in involving

multiple decision makers in weighting multi-criteria decisions

(Coffey & Claudio, 2021). Our study advances this area by applying

GFAHP to analyse barriers.

3 | RESEARCH METHODOLOGY

In this study, we adopted a mixed-method approach (see Figure 3)

that combines qualitative and quantitative data collection and analysis

in one study to identify and prioritize barriers for several reasons

(Creswell, 1999). First, this approach enhances interpretation and

understanding by exploring the findings from one method using the

results from another (Timans et al., 2019). Second, it elicits a rich and

deep dataset by analysing data from different research angles, helping

to capture the diversity and complexity of the research phenomenon

(Doyle et al., 2009). Finally, it improves the quality and rigour of

research by balancing the strengths and limitations of different

approaches (Halcomb, 2019). Thus, qualitative and quantitative

methods were combined in the two separate research phases of iden-

tifying and prioritizing barriers.

At the barrier identification stage, we used an SLR and structured

interviews. This combination has previously been used to identify bar-

riers to I4.0 adoption, providing us with some confidence to apply it in

this study. For example, Majumdar, Garg, and Jain (2021) conduct an

extensive literature review to identify 22 barriers to I4.0 adoption and

implementation in the textile and clothing industry and then use struc-

tured interviews to evaluate and identify other barriers. Sarkar and

Shankar (2021) identify 18 barriers to the effective operation of port

4.0 utilizing a literature review and expert consultation. Accordingly,

our SLR was used to conduct an exhaustive search for relevant journal

papers to provide us with a deep understanding of barriers to I4.0

adoption, resulting in the identification of more than 60 barriers. We

then employed structured interviews to evaluate these barriers and

identify any additional barriers in China's ASFCs. Structured inter-

views were selected for three reasons. First, they are a powerful

method for understanding and generating new ideas (Saunders

et al., 2009), which might help us to identify new barriers, particularly

as we were investigating a topic in which knowledge is accumulating.

Second, industry experts prefer to answer oral questions rather than

filling in questionnaires (Zhao, Xie, et al., 2024). Third, the standardiza-

tion of structured interviews helps to minimize contextual effects.

At the barrier prioritization stage, we applied GFAHP because it

offers several advantages. First, in the digital era, decisions are rarely

made by a single decision maker. GFAHP utilizes opinions from multi-

ple decision makers, which better reflects real-world decision-making

problems (Coffey & Claudio, 2021). Second, GFAHP helps to structure

complex decision-making problems by listing goals, criteria and alter-

natives, and is a powerful, widely used technique (Che et al., 2020;

Dyer & Forman, 1992; Zhu & Xu, 2014). Third, it has clear steps to fol-

low, and can generally be categorized into the three steps of model-

ling, prioritization and synthesis. However, it does have limitations. A

critical drawback is that it may be difficult to reach consensus among

large groups of decision makers (Tang & Liao, 2021). To alleviate this,

F IGURE 3 Research methodology employed.

8 ZHAO ET AL.
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we selected three experts with extensive decision-making experience

to rate relationships between pairs of barriers. Other MCDM methods

for ranking or prioritizing barriers could not be applied in this study

owing to their shortcomings. For example, ISM is effective for deter-

mining key alternatives, but does not weight or rank these options

(Sushil., 2012), whereas GFAHP is effective for prioritizing alternatives

by calculating the weighting of each. AHP and fuzzy AHP can be used

to determine the relative importance of alternatives, but in most situa-

tions, the prioritization results are based on a single expert's opinion.

GFAHP differs in allowing a group of experts to express their judge-

ments independently in fuzzy linguistic terms, an approach that has

proved to be more realistic for tackling real-life decision-making prob-

lems (Wang & Elhag, 2007). The interpretive ranking process (IRP) has

limited applicability because judgements may be highly subjective.

DEMATEL is useful for revealing cause-and-effect relationships and

ranking variables, but does not take account of the relative weightings

of multiple experts involved in a decision-making problem (Si

et al., 2018). GFAHP has advantages over IRP and DEMATEL because

multiple decision makers are involved and their opinions weighted in

decision-making problems.

4 | DATA ANALYSIS AND FINDINGS

In this section, we present how we identified and prioritized barriers

using a combination of SLR, structured interviews and GFAHP.

4.1 | Barrier identification using SLR and
structured interviews

To achieve consistency, we first developed an interview guide that

included six dimensions of barriers: technological, social, environmen-

tal, economic, organizational and supply chain (see Appendix A). The

interview guide was developed through a brainstorming session with

several experienced researchers involved in this project. We then con-

ducted pilot interviews with two professors in operations manage-

ment to determine potential improvements to the interview guide.

Their feedback indicated that a brief introduction to the project

should be given prior to the interviews, and an ‘any other barriers’
row should be added to the end of each barrier dimension.

The barriers identified from the SLR (see Table 1) were then eval-

uated by experienced AFSC practitioners from China. They were

selected based on their expertise, knowledge and working experience.

Only experts who expressed strong willingness to participate in this

project and had been working in the agri-food industry for more than

30 years were selected. Our initial selection based on our connections

and relevant expertise resulted in 35 potential respondents, whom we

contacted through email and WeChat to check their availability and

willingness. Of these, 25 were either unwilling to participate in this

project or did not have sufficient working experience or available

time. Thus, our final sample consisted of 10 agri-food professionals

with the required expertise and experience. During the interview

process, these experts were asked to tick ‘strongly agree’, ‘agree’,
‘neutral’, ‘disagree’ or ‘strongly disagree’ for each I4.0 adoption bar-

rier that we had identified through the SLR. Barriers ticked as ‘neu-
tral’, ‘disagree’ or ‘strongly disagree’ were eliminated, for several

reasons. First, these barriers identified through our SLR were based

on studies conducted in countries with differing cultural value orienta-

tions, resulting in different environmental, social and supply chain bar-

riers. However, since this study focuses on China, barriers irrelevant

to this context were excluded. For example, China's hierarchical cul-

tural value orientation contributes to unequal distribution of power,

roles and resources and leads people to reject new realities and view

competition as good (Schwartz, 2006). Thus, we included barriers such

as psychological resistance to using I4.0 technologies, lack of aware-

ness of applications of I4.0 technologies, reluctance to share knowl-

edge to avoid competition, lack of collaboration with research

institutes, and acquisition of intelligent agricultural equipment subsi-

dies based on guanxi. Second, I4.0 adoption barriers are also affected

by other factors, such as countries' levels of technological develop-

ment, agri-food industry practitioners' education levels and demo-

graphic status, and agriculture-related infrastructure. Based on the

experts' opinions, 16 barriers relevant to China's context were

included for further analysis. At the end of each interview, we asked

interviewees to specify any other I4.0 adoption barriers relevant to

China's unique contexts, resulting in the identification of a further

11 barriers. Thus, 27 barriers closely related to China's context were

deemed eligible for further analysis.

As shown in Table 2, we categorized the identified barriers into

technological, economic, social, environmental, organizational and

supply chain dimensions. Several steps were followed in this categori-

zation. First, we acquired a broad understanding by examining

previous relevant literature. Second, we adopted GT as a theoretical

lens requiring to categorize the barriers by considering macro-level

environments, meso-level supply chains and micro-level organizations.

Finally, we conducted structured interviews to further refine the

results.

4.2 | Barrier prioritization using GFAHP

To analyse barriers to adopting I4.0 to achieve AFSC sustainability,

we implemented a six-step GFAHP.

Step 1: Define and structure the problem to be analysed. This step

involved structuring the problem hierarchically, including

goals, dimensions and barriers. Our goal was to prioritize our

barriers. We categorized the 27 identified barriers into seven

dimensions (see Table 2) and used them as inputs into further

analysis.

Step 2: Define fuzzy numbers for performing pair-wise comparisons. In

the traditional AHP algorithm, decision makers are asked to

conduct pair-wise comparisons of alternatives and score

them using a nine-level relative importance scale. The higher

the number, the greater the pairs differ in importance (see

ZHAO ET AL. 9
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TABLE 2 Barriers to I4.0 adoption for AFSC sustainability in China.

Dimension Barrier Description References

Technological

barriers (T)

Imported technology cannot be

adapted to China's agricultural

environment (T1)

The soil in China differs from that in the European Union. The soil

does not harden

Expert's contribution

Low compatibility of I4.0

technologies with existing

agricultural equipment (T2)

Agricultural mechanization has been achieved. However, the

connection between information technology and machine

operating systems is not very good

Dwivedi and Paul

(2022); Trevisan et al.

(2023)

Low maturity of integrated I4.0

technologies (T3)

The existing technical equipment is integrated, and the maturity of

technical equipment needs to be improved

Raj et al. (2020); Annosi

et al. (2021)

Lack of unified technical standard

(T4)

There is no technical standard for applying I4.0 technologies Kumar, Singh et al.

(2021); Govindan

(2022)

Model/interface to control

technologies needs further

improvements (T5)

What kind of model to use to achieve precise control, and what

kind of control is more accurate; model equipment must be

integrated

Expert's contribution

Unreliability of the technology (T6) The facilities are not particularly reliable, and the data are

occasionally very inaccurate

Govindan (2022);

Taddei et al. (2024)

Poor internet connection in rural

areas (T7)

Another restriction for deploying I4.0 technologies is poor internet

connection in rural areas

Raj et al. (2020); Cui

et al. (2021)

Economic

barriers (E)

High cost of using intelligent

agricultural equipment (E1)

In the process of dissemination, the cost of technical equipment is

too high. This is because the application has just begun, and the

large-scale production of technical equipment has not yet

formulated a scale effect

Raj et al. (2020);

Dwivedi et al. (2022)

High cost of maintaining intelligent

agricultural equipment (E2)

The maintenance cost is relatively high for large equipment such as

pumping stations and sediment filtration

Kumar, Singh et al.

(2021)

Long payback period (E3) Farmers cannot see the short-term benefits of applying these I4.0

technologies

Mangla et al. (2022)

Social barriers

(S)

Lack of awareness of applications

of I4.0 technologies (S1)

The incomplete basic data turned out to be a cognitive problem Dwivedi and Paul

(2022)

Ageing workforce (S2) For existing farmers, the general age is above 45 years old, and

most are around 55 years old

Kouhizadeh et al.

(2021)

Lack of skills to maintain and

repair equipment (S3)

Inadequate maintenance of equipment Raj et al. (2020); Yilmaz

et al. (2022)

Low knowledge retention by

farmers (S4)

Farmers are low in knowledge Karadayi-Usta (2020);

Cui et al. (2021)

Low technology/knowledge

acceptance level (S5)

Industry practitioners are reluctant to use I4.0 technologies Dwivedi and Paul

(2022); Govindan

(2022)

Psychological resistance to using

I4.0 technologies (S6)

In the process of applying this technical equipment, there is also a

psychological obstacle

Majumdar, Garg, and

Jain (2021); Taddei

et al. (2024)

Environmental

barriers (N)

Acquisition of intelligent

agricultural equipment subsidies

based on guanxi (N1)

The support is not inclusive; it is based on relationships Expert's contribution

Insufficient government incentives

(N2)

Governments provide financial incentives to support technology

deployment, but it is not enough

Ozkan-Ozen et al.

(2020); Dwivedi and

Paul (2022)

Reluctance to share knowledge to

avoid competition (N3)

For example, the farmer found a good planning model, but he was

unwilling to spread it. In fact, avoiding competition

Annosi et al. (2021)

Problems with the government

subsidy model (N4)

At this stage, subsidies should not be given to farmers. Let us see if

we can subsidize manufacturers

Expert's contribution

Organizational

barriers (O)

Lack of experience to manage

equipment (O1)

There is also no mature management experience in the

maintenance and use of equipment

Trevisan et al. (2023);

Taddei et al. (2024)

Lack of top management support

(O2)

This is the beginning of the implementation of these technologies;

therefore, managers do not believe that digital technology can

replace the human brain

Shuvabrata et al.

(2020); Taddei et al.

(2024)

10 ZHAO ET AL.
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Table 3). Integrating fuzzy set theory optimizes the AHP algo-

rithm (Saaty & Tran, 2010), so a fuzzification process is used

to convert crisp values into fuzzy values to regulate the

degree of membership.

In the fuzzy AHP algorithm, each alternative in the decision-making

pairwise matrix is no longer a single number, but is replaced with three

numbers to describe the relationship between two alternatives. For

example, (1, 2, 3) represent a relationship between equal importance

(1) and moderate importance (3). The relationship is a fuzzy range

rather than a definite value. This fuzzification helps simplify decision

makers' inputs, especially if they have little decision-making experi-

ence. Table 3 shows the scale of relative importance and the fuzzy

scale of relative importance.

Step 3: Invite experts to score dimensions, construct fuzzy pairwise

matrices and calculate each expert's weighting for each

dimension. Three Chinese agri-food professionals who had

collaborated with the agri-food industry for more than

30 years and had expertise in agricultural equipment and

AFSC management were asked to score the dimensions using

the fuzzy scale of relative importance (see Appendix B.1). We

selected three agri-food professionals to score the dimen-

sions for several reasons. First, the 10 experts previously

consulted (see Section 4.1) had diverse expertise, but only

those with both expertise in AFSC management and agricul-

tural equipment and decision-making experience were

included in our detailed analysis. Second, not all experts

were interested in scoring the dimensions. Third, people tend

to prefer groups of two or three members to solve decision-

making problems. A group of this size promotes greater

uniqueness, prevents process loss and coordination problems

and is easier to manage than groups with more than six mem-

bers (Li & Liao, 2023). The experts' scores were plugged into

pairwise matrices. For example, Mn represents the pairwise

matrix after scoring by expert n. For the element mn
ij in matrix

Mn , if i= j, then mn
ij ¼ 1,1,1ð Þ.

Mn ¼ mn
ij

n o
, i¼1,2� � �6, j¼1,2� � �6

mn
ij ¼ a1,a2,a13

� �
,mn

ij ¼ mn
ij

n o�1

We then calculated the weighting of each dimension based on

the expert's matrix. First, it was necessary to calculate the fuzzy geo-

metric mean value, Si for each expert based on the following

equation:

Sni ¼
Xn

j¼1
mn

ij

Xn

i¼1

Xn

j¼1
mn

ij

h i�1
,whereSni ¼ sif g,si ¼ s1,s2,s3ð Þ

Second, we performed a de-fuzzification process on Si to convert

it into a one-dimensional vector, Sni :

TABLE 2 (Continued)

Dimension Barrier Description References

Lack of digital management

culture (O3)

There is no concept of digital technology, and there is no culture

that relies on digital technology management

Abdul-Hamid et al.

(2020)

Supply chain

barriers (C)

Lack of non-profit knowledge

brokers to transfer knowledge and

skills (C1)

The third level is called technical services or intermediaries, rather

than directly targeting farmers from manufacturers or research

institutions.

Expert's contribution

Applying I4.0 technologies will

increase the cost of terminal

logistics (C2)

When the IoT or blockchain technology is deployed in rural areas,

the cost of terminal logistics is too high

Expert's contribution

Knowledge boundaries impeding

I4.0 knowledge mobilization (C3)

But whether farmers can understand I4.0 technologies or apply

these technologies is another concept

Dwivedi et al. (2022)

Lack of collaboration with

research institutes (C4)

Farmers do not want to collaborate with universities and research

institutes to update their skills and knowledge

Karadayi-Usta (2020);

Majumdar, Garg, and

Jain (2021)

TABLE 3 Scale of relative importance versus fuzzy scale of
relative importance.

Scale of relative
importance

Fuzzy scale of relative
importance

Equal importance 1 (1,1,1)

Moderate importance 3 (2,3,4)

Strong importance 5 (4,5,6)

Very strong importance 7 (6,7,8)

Extremely strong

importance

9 (8,9,9)

Intermediate values 2,4,6,8 (1,2,3), (3,4,5), (5,6,7),

(7,8,9)

Values for inverse

comparison

1/3, 1/5, 1/7,

1/9

(1/3,1/2,1/1) …
(1/9,1/9,1/8)

Source: Modified from Jurevičienė and Skvarciany (2016, p. 166).
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where si ¼ s1þ2� s2þ s3
4

Third, we normalized Si to obtain the weighting of each dimen-

sion for each expert based on the following equation:

Wn ¼ siPn
i¼1si

Fourth, we calculated the largest eigenvalue of matrix

λmax ¼
P

AWð Þi
NWi

. Similarly, we initially de-fuzzified each expert's fuzzy

pairwise matrix, using the same process as for the defuzzification cal-

culation method for vector Sni . We then labelled the matrix Mn, where

n represents the number of dimensions. In this study with six dimen-

sions of barriers, n=6.

Finally, we checked the consistency of experts' opinions and con-

trolled the results of this method. The consistency ratio (CR) for each

expert's matrix signifies the uniformity of the expert's judgements.

Judgements are consistent when CR ≤ 0.10, indicating an acceptable

pairwise comparison matrix (Saaty, 1996). To calculate the CR, we

needed to obtain the average random consistency index (RI) (see

Appendix B.2), which relates only to the order n of the matrix. In this

case, the RI is 1.24 based on our six dimensions (n = 6). The values of

the consistency index (CI) and CR are used in consistency analysis

based on the following formulae:

CI¼ λmax �nð Þ
n�1ð Þ ,CR¼CI

RI
:

Thus, we obtained the weighting of dimension WDn
i for each

expert (see Appendix B.3) and the CR for dimension calculation Cn
D for

each expert's decision, where i represents the six dimensions from

1 to 6, and n represents the codes for different experts. Our consis-

tency testing results showed that the value of CR was less than or

equal to 0.10, indicating consistency between the three agri-food

professionals.

Step 4: Invite experts to score barriers, construct fuzzy pairwise matri-

ces and calculate the weighting of each barrier by each expert.

The same agri-food professionals were asked to conduct

pairwise comparisons of the barriers within each dimension

to obtain fuzzy pairwise matrices (see Appendix B.4). We

then repeated the same calculation process in Step 3 to

obtain the weighting of each barrier by each expert and

conducted consistency testing (see Appendix B.5). The test

results showed consistency between the three experts, as

the CR values were all less than or equal to 0.10. Finally,

we uniformly marked the barriers' weightings as WBn
i ,

where i represents the barrier and n represents the experts'

coding. For example, the weighting of technological barriers

is represented by Wn
T . Similarly, we labelled the CR value for

each expert as Cn
i .

Step 5: Calculate the weightings of agri-food professionals. The three

agri-food professionals were given decision weightings to

compare and judge their logic (see Appendix B.6). Thus, it

was necessary to calculate the average CR for each agri-food

professional as a basis for measuring the logic:

Cn
R ¼

Cn
T þCn

EþCn
SþCn

NþCn
OþCn

CþCn
D

7

To assess the logic, we introduced variable Pn to calculate the

agri-food professional's weighting, calculated as follows:

Pn ¼ 1
1þaCn

R

,a > 0,n¼1,2……m

In the formula, constant a has a value of 10, and n represents the

code given by the agri-food professional. P�n denotes the weighting by

the decision maker, calculated as follows:

P�
n ¼

PnPm
n¼1Pn

Step 6: Calculate the final weightings and prioritize dimensions and bar-

riers after collective decision making. In Steps 3 and 4, we cal-

culated the weighting of each dimension and each barrier by

each expert. These results were used as inputs to obtain the

final weightings of dimensions and barriers after the three

experts' collective decision making, using the following

formulae:

WDGroup
i ¼

X3

n¼1

P�
n �WDn

i

WBGroup
i ¼

X3

n¼1

P�
n �WDn

i �WBn
i

Table 4 presents the final ranking of dimensions and barriers

to I4.0 adoption to achieve AFSC sustainability in China. This

shows that the environmental dimension is ranked highest, followed

by the supply chain, social, technological, organizational and economic

dimensions.

The environmental category of barriers (N) is ranked first in the

priority list. This dimension contains four barriers: acquisition of intel-

ligent agricultural equipment subsidies based on guanxi (N1), insuffi-

cient government incentives (N2), reluctance to share knowledge to

avoid competition (N3), and problems with the government subsidy

model (N4). Among these, N1 is ranked first, followed by N4, N3 and

N2. Interestingly, this result reflects China's hierarchical cultural value

orientation, which legitimizes unequal distribution of power, roles and

resources (Schwartz, 2006) and values social power, authority and

wealth. Thus, AFSC practitioners unsurprisingly seek to make connec-

tions with key bureaucrats to acquire more subsidies. As one agri-food

12 ZHAO ET AL.
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professional stated, ‘The government provides subsidies for farmers

to purchase intelligent agricultural equipment. However, this kind of

support is not universal, but based on guanxi.’ Problems with the gov-

ernment subsidy model (N4) is ranked second in this category. This is

because the government currently gives subsidies to the purchasers

rather than manufacturers of intelligent agricultural facilities. One of

our agri-food professionals said: ‘At this stage, it is better that we can

subsidize manufacturers rather than farmers because we are at the

initial stage of applying intelligent agricultural equipment. We should

subsidize agricultural technology and equipment.’ The other two

barriers in this category, reluctance to share knowledge to avoid

competition (N3) and insufficient government incentives (N2), are

prioritized third and fourth, respectively. The former relates to China's

hierarchical cultural environment, in which people reject new realities

and view competition as good: ‘People are worried that others will

learn from them after they have done well, so they keep it to

themselves. For example, he discovered a good planting model, but he

was unwilling to spread it.’ The latter refers to current incentives not

attracting sufficient AFSC practitioners, for example because

equipment prices are too high for most AFSC practitioners, although

they may obtain subsidies.

The supply chain dimension (C) occupies second place in the pri-

ority list. Among the four barriers in this category, the increased cost

of terminal logistics (C2) has the highest priority. One of our agri-food

professionals suggested ‘When the IoT or blockchain is introduced to

rural areas, the logistics cost at the end will be too high. For example,

for several major logistics companies in China, farmers produced

strawberries at ¥5, but maybe sold to final consumers for ¥25.’ Knowl-

edge boundaries impeding I4.0 knowledge mobilization (C3) and lack

of non-profit knowledge brokers to transfer knowledge and skills

(C4) are ranked second and third in the priority list. Lack of knowledge

of I4.0 is frequently mentioned by scholars as impeding I4.0 adoption

(Stentoft et al., 2021), but their descriptions lack detail. Our findings

provide answers to ‘why’ lack of I4.0 knowledge occurs. First, an age-

ing workforce in the agri-food industry and China's hierarchical cul-

tural environment result in psychological resistance to learning and

sharing knowledge relating to I4.0. Second, it is difficult to change

farmers' view through simple knowledge-sharing channels, such as

TABLE 4 Final ranking of dimensions and barriers after collective decision-making.

Dimension of

barriers

Relative

weighting

Relative

rank

Specific

barriers

Relative

weighting

Relative

rank

Global

weighting

Global

rank

Technological (T) 0.0653553 4 T1 0.034951323 6 0.00186157 24

T2 0.322010825 1 0.01655718 3

T3 0.270917941 2 0.01353173 5

T4 0.198775914 3 0.0106222 10

T5 0.026476159 7 0.00135111 25

T6 0.097539917 4 0.00497825 14

T7 0.049327921 5 0.00244188 21

Economic (E) 0.03041151 6 E1 0.153687623 3 0.00275249 19

E2 0.284488046 2 0.0050411 13

E3 0.561824328 1 0.01119852 9

Social (S) 0.20615551 3 S1 0.120846004 3 0.00429421 16

S2 0.100022951 4 0.00373579 17

S3 0.066710933 5 0.00242978 22

S4 0.360215605 1 0.0134605 6

S5 0.323392166 2 0.01146213 7

S6 0.028812342 6 0.00105492 27

Environmental (N) 0.41955704 1 N1 0.560260765 1 0.02741982 2

N2 0.053334943 4 0.0024492 20

N3 0.06096297 3 0.00311294 18

N4 0.325441322 2 0.0154933 4

Organizational (O) 0.05034466 5 O1 0.605292781 1 0.00540615 12

O2 0.21866262 2 0.00210817 23

O3 0.176044592 3 0.00123283 26

Supply chain (C) 0.22817597 2 C1 0.108888914 3 0.00596519 11

C2 0.660108789 1 0.04194063 1

C3 0.165026715 2 0.01125595 8

C4 0.065975578 4 0.00434132 15
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lectures and theoretical training. Third, non-profit technical service

organizations to coordinate knowledge-sharing activities among uni-

versities, research institutes, AFSC practitioners and manufacturers

are lacking. Their role is critical, particularly when conflicts arise. One

of our agri-food professionals suggested: ‘There should be a level of

agricultural technology promotion. They have direct contact with our

universities, manufacturers and research institutions.’ Lack of collabo-

ration with research institutes (C4) is last in the list of priorities.

The social dimension of barriers (S) is third in the priority list.

These barriers comprise lack of awareness of I4.0 technology appli-

cations (S1), an ageing workforce (S2), lack of skills to maintain and

repair equipment (S3), low knowledge retention by farmers (S4), low

technology/knowledge acceptance (S5) and psychological resistance

to using I4.0 technologies (S6). Among these, S4 is highest in priority,

and S6 lowest. These barriers relate closely to the age and knowl-

edge structure of AFSC practitioners. According to the National

Bureau of Statistics of China (2022), only 13.6% of those employed

in agriculture, forestry, animal husbandry and fisheries are under the

age of 35 years. Our discussions with agri-food professionals elicited

similar opinions: ‘The average age of existing farmers is more than

45 with most of them around 55 years old. They are relatively high

in age and low in knowledge structure. This results in them not being

good at model application and equipment maintenance.’ Moreover,

experienced farmers are used to managing crops, so when the

results of automatic and manual management diverge, they prefer to

cultivate crops based on their own experience. This explains why

AFSC practitioners do not trust I4.0 technologies and are resistant

to change.

The technological dimension (T) is ranked fourth in importance. In

this category, the top three barriers are low compatibility of I4.0 tech-

nologies with existing agricultural equipment (T2), low maturity of

integrated I4.0 technologies (T3) and lack of a unified technical stan-

dard (T4). I4.0 applications are advanced, intelligent digital technolo-

gies that can be used to improve manufacturing and production

processes (Mantravadi et al., 2023). Therefore, supporting facilities,

such as high-speed internet in rural areas, pesticides for water and fer-

tilizer integration systems and high-quality farmland for automatic

tractors, are critical to I4.0 adoption. This was confirmed by our agri-

food professionals: ‘I4.0 are cutting-edge technologies. However,

matching these technologies requires a process. If the implementation

path cannot be matched, it is not worth using these technologies.’
Furthermore, the quality of I4.0 technologies is a problem for AFSC

practitioners, with issues such as low reliability and inaccurate data

generation causing distrust. The remaining four barriers in this cate-

gory are unreliability of technology (T6), poor internet connections in

rural areas (T7), imported technology that cannot be adapted to

China's agricultural environment (T1) and the model/interface to con-

trol technologies needing further improvement (T5). Some intelligent

agricultural technologies, including automatic ventilation cooling sys-

tems and automatic tractors imported from countries such as the

Netherlands, Japan and Israel, cannot easily be adapted to China's nat-

ural environment owing to huge differences in climate, soil and light.

As one agri-food professional noted: ‘The soil in China is different

from that in the European Union (EU). It hardens with difficulty and

will change greatly after watering. This situation means that automatic

tractors imported from EU cannot be applied.’
The organizational dimension (O) occupies the fifth place in the

priority list. Among the three barriers in this category, lack of experi-

ence to manage equipment (O1) is prioritized the highest for several

reasons. First, intelligent agricultural facilities are composed of many

subsystems. For example, intelligent greenhouses include environ-

mental controls, automatic drip irrigation and water and fertilizer

integration systems. The complexity of intelligent agricultural facili-

ties makes them difficult to manage. Second, as stated earlier, most

intelligent agricultural facilities in China are currently imported from

other countries such as the Netherlands. The geographical distance

between China and the Netherlands raises barriers to knowledge

mobilization, technical staff mobility and importation of technical

components. Third, the novelty of intelligent agricultural facilities

means that few people have experience of managing them, so lack

of experience to manage equipment (O1) is unsurprisingly given top

priority. Lack of top management support (O2) is ranked second. This

is because China is at the initial stage of applying intelligent agricul-

tural technologies, so managers do not trust them. As one of our

agri-food professionals stated: ‘Implementing intelligent technology

means letting external brains replace human brains. In large

manufacturing factories, managers believe in these technologies.

However, in most agri-food organizations, managers do not believe

in them.’ Finally, lack of a digital management culture (O3) is ranked

last in this dimension. One agri-food professional mentioned a cogni-

tive gap between managers' knowledge and reality: ‘There is no con-

cept of digital technology and no culture that relies on digital

technology management.’
The economic dimension (E) is last in the priority list. Of the three

barriers in this category, a long payback period (E3) is ranked first, fol-

lowed by the high cost of maintaining intelligent agricultural equip-

ment (E2) and the high cost of using it (E1). These barriers result from

several factors. First, China is at the initial stage of applying intelligent

agricultural facilities, so production has not yet reached scale. Second,

family farms in China have an average of 134 acres of farmland, com-

pared with 445 acres in the United States, making Chinese family

farmers less willing to use intelligent agricultural facilities. The situa-

tion is even worse for farmers with only two or three acres of farm-

land. One of our agri-food professionals stated: ‘Many farmers in

China only have three acres of farmland and their yearly income is

¥2,000. An increase of 20% per acre will only increase more than

¥1,000, which will have little impact on their family income. The situa-

tion is different when a farmer has more than 200 acres of farmland.

They may agree with using intelligent agricultural facilities.’

5 | DISCUSSION AND CONTRIBUTIONS

In this section, we compare our findings with those of previous stud-

ies and explain our unique contributions to knowledge and managerial

practices.

14 ZHAO ET AL.
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5.1 | Knowledge and theoretical contributions

Our results produce novel insights into barriers to I4.0 adoption for

AFSC sustainability that differ from those of most existing studies.

For example, Kumar, Brar et al. (2022) prioritize five categories of I4.0

adoption barriers relating to the Indian manufacturing industry, with

economic and technological barriers ranked first and second. Similarly,

other studies of I4.0 adoption barriers in various contexts (Kamble

et al., 2018; Majumdar, Sinha, & Govindan, 2021; Senna et al., 2022),

suggest that economic and technological barriers should be given criti-

cal attention. However, in our study, environmental and supply chain

categories of barriers are prioritized for several reasons. First, the

Chinese government has been promoting modern agriculture since

2012; therefore, support such as payments based on planted area and

minimum purchasing prices for agricultural products have increased

consistently since 2014 (Li et al., 2023). Between 2019 and 2021,

three aspects of agricultural activity attracted the greatest financial

support (12.2% of total support): public stockholding, development

and maintenance of infrastructure, and agricultural knowledge and

innovation systems. This is also why the technological and economic

dimensions are given lower priority. Second, China's hierarchical cul-

tural value orientation means that bureaucrats at various levels of

government have discretional power to allocate resources

(Bian, 2018). Therefore, personal connections (guanxi) with key gov-

ernment officers are necessary to gain access to controlled resources

such as subsidies. This results in environmental barriers being given

the highest priority. Third, China's AFSCs are characteristically small-

scale and highly decentralized. The current production model focuses

on production and pays little attention to other links in AFSCs. Thus,

the supply chain dimension of barriers occupies second place in the

priority list.

Our global prioritization of barriers also produces a novel ranking,

with I4.0 increasing the cost of terminal logistics (C2) ranked first,

acquisition of intelligent agricultural equipment subsidies based on

guanxi (N1) second and low compatibility of I4.0 technologies with

existing agricultural equipment (T2) third in the priority list. In similar

studies, Bajpai and Misra (2023) prioritize 14 barriers to implementing

digitalization in the Indian construction industry and indicate that lack

of regulation and standardization is the key barrier; and Ada et al.'s

(2022) study of barriers to CE for agricultural cooperatives in the era of

I4.0 suggests that insufficient implementation of CE laws is the most

important barrier. However, in our study, regulation is ranked 10th

among the 27 identified barriers. Deepu and Ravi (2023) find that lack

of awareness of digitalization is particularly relevant to tackling barriers

to supply chain digitalization, whereas in our study lack of awareness is

ranked 16th among the 27 barriers. Khan et al.'s (2023) investigation of

barriers to digital technology adoption in supply chains reveals the pri-

mary influence of lack of information sharing and trust management

issues. In contrast, our study suggests that the high-cost and low com-

patibility of I4.0 technologies and the difficulty of acquiring subsidies

are primary barriers to agricultural I4.0 adoption.

Among the 27 barriers identified in this study (see Table 2),

several are new to AFSC sustainability. Among Kumar, Raut et al.

(2021) 11 barriers to I4.0 adoption for AFSC sustainability, lack of

government support is the top priority, followed by lack of awareness

and lack of effective policy and protocol. In Luthra and Mangla's

(2018) ranking of 18 I4.0 adoption barriers, the top three are lack of a

data-sharing framework, lack of government support and financial

constraints. Shang et al. (2022) reveal 13 I4.0 adoption barriers, and

prioritize deficient knowledge and lack of awareness of the potential

benefits of I4.0. Finally, Chhabra and Singh (2022), who identify

16 I4.0 adoption barriers, suggest that lack of top management support,

employees' resistance to change and lack of a consistent approach to

I4.0 technologies should be given critical attention. Our study presents

a different understanding because we link the agri-food industry closely

with China's social, political, economic and cultural environments. Thus,

we identify six I4.0 adoption barriers seldom mentioned by other

scholars: acquisition of intelligent agricultural equipment subsidies

based on guanxi (N1), problems with the government subsidy model

(N4), I4.0 technologies increasing the cost of terminal logistics (C2),

inability to adapt imported I4.0 agricultural technology to China's

agricultural environment (T1), improvements required to the model/

interface to control I4.0 technologies (T5) and lack of non-profit

knowledge brokers to transfer knowledge and skills (C1).

GT has seldom been used to analyse I4.0 adoption barriers to

achieve AFSC sustainability. Scholars have applied various other theo-

ries. For example, Chauhan et al. (2021) adopt CT and RBV to under-

stand the impact of extrinsic and intrinsic barriers to I4.0 adoption on

I4.0 practices, and indicate that both types of barrier impact nega-

tively on digitalization. Senna et al. (2022) utilize the technology–

organization–environment framework to categorize barriers to the

adoption of I4.0 technologies, and Masood and Sonntag (2020) apply

the technology acceptance model to understand I4.0 adoption chal-

lenges. In contrast, we take an initial step in applying GT to analyse

I4.0 adoption barriers and understand this issue from the macro-,

meso- and micro-levels of environments, supply chains and organiza-

tions. We also contribute to theory by identifying several barriers aris-

ing from China's unique environments, including acquisition of

intelligent agricultural equipment subsidies based on guanxi (N1). Uti-

lizing GT enables us to identify a wider range of aspects influencing

I4.0 adoption than could be obtained using other theories. For exam-

ple, Senna et al. (2022) identify I4.0 adoption barriers from technologi-

cal, organizational and environmental perspectives, but do not

consider cultural and social perspectives. Thus, our study contributes

to GT by linking China's cultural, economic and social environments

with I4.0 adoption barriers.

5.2 | Managerial implications

Our study has several useful managerial implications for policymakers,

research institutes/universities and AFSC practitioners in China.

First, our agri-food professionals criticized the existing govern-

ment subsidy model for being guanxi and purchaser based. Our results

rank acquisition of intelligent agricultural equipment subsidies based

on guanxi (N1) first in the environmental category and second overall,
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while problems with the government subsidy model (N4) is ranked

second and fourth, respectively (see Table 4). Guanxi is prevalent in

China's hierarchical cultural environment, so is difficult to avoid. To

alleviate this situation, we suggest that government should provide

subsidies to manufacturers based on the quantity of intelligent agri-

cultural facilities manufactured and sold, rather than providing subsi-

dies to purchasers. However, subsidies should only be given to

leading enterprises that have wide links with farmers and master

cutting-edge agricultural technologies. The situation might also be

alleviated if the government were to publish detailed subsidy data on

its official website to enable public scrutiny.

The supply chain barrier category is ranked second out of the six

categories. Overall, the individual barriers of applying I4.0 technolo-

gies increasing the cost of terminal logistics (C2), knowledge bound-

aries impeding I4.0 knowledge mobilization (C3) and lack of non-profit

knowledge brokers to transfer knowledge and skills (C1) are ranked

first, eighth and eleventh, respectively. This is because Chinese AFSC

practitioners rely on simple knowledge-sharing channels such as lec-

tures to obtain knowledge, while professional knowledge brokers

who might coordinate relationships between research institutes, uni-

versities, manufacturers and AFSC practitioners are lacking. Thus,

we suggest the establishment of a non-profit knowledge dissemina-

tion organization, focusing specifically on providing practical training

sessions. Such an organization will be particularly critical when con-

flicts arise between manufacturers and AFSC practitioners. To boost

AFSC practitioners' interest in attending practical training sessions,

vouchers or gifts (e.g., agrichemicals and pesticides) might be pro-

vided, while ensuring delivery of knowledge that AFSC practitioners

really care about.

The social dimension of barriers ranked third among the six cate-

gories, and the individual barriers of low knowledge retention by

farmers (S4) and low technology/knowledge acceptance levels

(S5) are ranked sixth and seventh overall. The Chinese government is

currently deploying large-scale education and training to foster its

next generation of farmers. Data show that China has trained five mil-

lion high-quality farmers during the 13th Five-Year Plan (State

Council, 2020). However, the programme covers only farmers, rather

than all AFSC practitioners willing to learn I4.0 knowledge and skills.

Thus, we suggest that the Chinese government should expand enrol-

ment to cover all AFSC practitioners to enhance their I4.0 knowledge

and technology acceptance levels.

Technological category of barriers ranked fourth. Two notable

barriers in this category are low compatibility of I4.0 technologies

with existing agricultural equipment (T2) and low maturity of inte-

grated I4.0 technologies (T3). These barriers have emerged because

basic data for modelling is incomplete, existing data models and agri-

cultural equipment are not well integrated and relevant standards are

lacking. Thus, several adaptation routes are suggested. First, agricul-

tural parameters should be modelled to fit various soil, light, carbon

dioxide concentration, pH, climate and moisture conditions. Second,

simplified agricultural equipment software interfaces might be imple-

mented, for example not exceeding three levels and with voice con-

trol. Third, country-wide agricultural equipment technical standards

should be established, especially for equipment integrated into I4.0

technologies. Finally, the government should continue to invest in

rural areas to provide supporting facilities for intelligent agricultural

equipment, such as high-speed internet and pesticides for water and

fertilizer integration systems.

With regard to organizational barriers, lack of experience to man-

age equipment (O1), lack of top management support (O2) and lack of

digital management culture (O3) are ranked 12th, 23rd and 26th over-

all. With a hierarchical cultural value orientation, organizational man-

agement teams play a critical role in fostering a digital management

culture and accelerating digital transformation. Thus, they must create

a narrative for change and inspire the workforce to embrace digital

transformation.

Finally, one feasible way to tackle economic barriers such as the

high cost of using intelligent agricultural equipment (E1), the high cost

of maintaining intelligent agricultural equipment (E2) and long payback

periods (E3) is to scale up the digital agricultural industry scale to

reduce costs, such as forming industrial clusters focusing on

manufacturing intelligent agricultural equipment.

6 | CONCLUSION, LIMITATIONS AND
FUTURE RESEARCH DIRECTIONS

In the face of climate change and a global population explosion,

AFSCs must be operated more efficiently, effectively and sustainably.

I4.0 technologies may be a crucial facilitator, but various barriers ham-

per their adoption. Therefore, using GT, we explore the intersection of

I4.0 technologies, AFSC sustainability and barriers. We identified

27 barriers to I4.0 adoption f or AFSC sustainability by reviewing

existing literature and consulting 10 Chinese experts. We then

adopted a GFAHP approach to prioritize the barriers. Our results dif-

fer from those of existing studies and thus enrich knowledge. For

example, we identify six new barriers closely linked with China's cul-

tural, social and economic environments, including acquisition of intel-

ligent agricultural equipment subsidies based on guanxi, problems with

the government subsidy model, I4.0 technologies increasing the cost

of terminal logistics, inability to adapt imported I4.0 agricultural tech-

nology to China's agricultural environment, improvements required to

the model/interface to control I4.0 technologies, and lack of

non-profit knowledge brokers to transfer knowledge and skills. Our

dimension prioritization is also novel in ranking the environmental and

supply chain dimensions first and second out of six dimensions, rather

than the technological and economic dimensions frequently men-

tioned in previous studies. In our overall prioritization of barriers, the

top three are I4.0 technologies increasing the cost of terminal logis-

tics, acquisition of intelligent agricultural equipment subsidies based

on guanxi and I4.0 technologies being incompatible with existing agri-

cultural equipment. Our results complement existing studies by identi-

fying new barriers and providing a new perspective for understanding

the relative importance of the 27 barriers. In terms of theoretical con-

tributions, this study is the first to apply GT to understand barriers to

adopting I4.0 to achieve AFSC sustainability.
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6.1 | Limitations and future research directions

Despite adopting a rigorous research methodology, our study has

some limitations.

First, our study focuses on China and therefore has generalizabil-

ity issues. China has a unique hierarchical cultural value orientation,

and we conclude that several barriers are closely connected with this

cultural environment. Future studies might evaluate barriers and their

prioritization in countries with different cultural value orientations,

including embeddedness, harmony, egalitarianism, intellectual auton-

omy, affective autonomy and mastery (Schwartz, 2006).

Second, we adopted a GFAHP approach to prioritize the I4.0

adoption barriers. Unlike other studies, we averaged and normalized

the CR value of each decision maker to comprehensively evaluate

their logic, and used these values as criteria to evaluate the propor-

tion of decision makers in the decision-making problem. However,

every approach has limitations, including GFAHP. Future research

might adopt different MCDM approaches such as the technique for

order preference by similarity to ideal solution, when evaluating

decision-making problems, in order to balance the limitations of

each approach.

Third, our SLR and expert consultations revealed 27 barriers

across six dimensions. Our study presents a detailed understanding of

barriers to I4.0 adoption for AFSC sustainability, but is far from con-

clusive. This is because our SLR only considered papers published in

high-quality journals, and we only involved a few experts in the con-

sultation process. Thus, future research might involve more experi-

enced agricultural experts from diverse backgrounds, and consider

other types of publications such as conference papers, book chapters

and organization reports to identify relevant barriers.

Finally, in this study, we obtained the opinions of three experts

for our GFAHP. Considering the opinions of a range of decision

makers to prioritize barriers has merit for tackling decision-making

problems. To obtain more precise ranking, future studies might

involve a larger number of decision makers. Involving more than

20 experts in a decision-making problem is normally considered to be

large-scale group decision making (Ming et al. 2020).
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APPENDIX A: INTERVIEW GUIDE FOR EVALUATING BARRIERS

1. How do you view the following barriers to I4.0 adoption to achieve AFSC sustainability? Please tick (√) in the following table.

2. If you disagree or strongly disagree with these barriers to I4.0 adoption to achieve AFSC sustainability, please tell me why.

I4.0 adoption barriers to
achieve AFSC sustainability

Descriptor

Strongly agree Agree Neutral Disagree Strongly disagree

Technological barriers

…

Any other barriers?

Economic barriers

…

Any other barriers?

Social barriers

…

Any other barriers?

Environmental barriers

…

Any other barriers?

Organizational barriers

…

Any other barriers?

Supply chain barriers

…

Any other barriers?
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APPENDIX B: GFAHP CALCULATION PROCESS

B.1 Experts' pairwise matrices for dimensions

B.2 Random index based on the order of matrix

Expert 1's pairwise matrix M1

DM1(M1) T E S N O C

T (1,1,1) (2,3,4) (1/5,1/4,1/3) (1/7,1/6,1/5) (1,2,3) (1/4,1/3,1/2)

E (1/4,1/3,1/2) (1,1,1) (1/9,1/8,1/7) (1/9,1/9,1/8) (1/3,1/2,1/1) (1/8,1/7,1/6)

S (3,4,5) (7,8,9) (1,1,1) (1/3,1/2,1/1) (6,7,8) (3,4,5)

N (5,6,7) (8,9,9) (1,2,3) (1,1,1) (7,8,9) (3,4,5)

O (1/3,1/2,1/1) (1,2,3) (1/8,1/7,1/6) (1/9,1/8,1/7) (1,1,1) (1/6,1/5,1/4)

C (2,3,4) (6,7,8) (1/5,1/4,1/3) (1/5,1/4,1/3) (4,5,6) (1,1,1)

Expert 2's pairwise matrix M2

DM2(M2) T E S N O C

T (1,1,1) (1,2,3) (1/6,1/5,1/4) (1/9,1/8,1/7) (1/4,1/3,1/2) (1/8,1/7,1/6)

E (1/3,1/2,1/1) (1,1,1) (1/8,1/7,1/6) (1/9,1/9,1/8) (1/5,1/4,1/3) (1/9,1/8,1/7)

S (4,5,6) (6,7,8) (1,1,1) (1/4,1/3,1/2) (1,2,3) (1/3,1/2,1/1)

N (7,8,9) (8,9,9) (2,3,4) (1,1,1) (5,6,7) (1,2,3)

O (2,3,4) (3,4,5) (1/3,1/2,1/1) (1/7,1/6,1/5) (1,1,1) (1/6,1/5,1/4)

C (6,7,8) (7,8,9) (1,2,3) (1/3,1/2,1/1) (4,5,6) (1,1,1)

Expert 3's pairwise matrix M3

DM3(M3) T E S N O C

T (1,1,1) (4,5,6) (1/4,1/3,1/2) (1/9,1/8,1/7) (6,7,8) (1/6,1/5,1/4)

E (1/6,1/5,1/4) (1,1,1) (1/5,1/4,1/3) (1/9,1/9,1/8) (1,2,3) (1/8,1/7,1/6)

S (2,3,4) (3,4,5) (1,1,1) (1/5,1/4,1/3) (5,6,7) (1/3,1/2,1/1)

N (7,8,9) (8,9,9) (3,4,5) (1,1,1) (8,9,9) (1,2,3)

O (1/8,1/7,1/6) (1/3,1/2,1/1) (1/7,1/6,1/5) (1/9,1/9,1/8) (1,1,1) (1/8,1/7,1/6)

C (4,5,6) (6,7,8) (1,2,3) (1/3,1/2,1/1) (6,7,8) (1,1,1)

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49
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B.3 The weighting of dimension of each expert

B.4 Experts' pairwise matrices for barriers

The experts' pairwise matrices for technological barriers

Dimension DM1 DM2 DM3

T 0.070778 0.039933 0.085728

E 0.028162 0.027392 0.035954

S 0.296240 0.164575 0.151826

N 0.416415 0.405021 0.437943

O 0.041870 0.083569 0.025218

C 0.146535 0.279511 0.263331

CR (Cn
D) 0.043268 0.029973 0.076203

Expert 1's pairwise matrix MT1

DM1 T1 T2 T3 T4 T5 T6 T7

T1 (1,1,1) (1/9,1/8,1/7) (1/8,1/7,1/6) (1/7,1/6,1/5) (1,2,3) (1/6,1/5,1/4) (1/3,1/2,1/1)

T2 (7,8,9) (1,1,1) (1,2,3) (2,3,4) (8,9,9) (3,4,5) (4,5,6)

T3 (6,7,8) (1/3,1/2,1/1) (1,1,1) (1,2,3) (6,7,8) (3,4,5) (6,7,8)

T4 (5,6,7) (1/4,1/3,1/2) (1/3,1/2,1/1) (1,1,1) (5,6,7) (1,2,3) (3,4,5)

T5 (1/3,1/2,1/1) (1/9,1/9,1/8) (1/8,1/7,1/6) (1/7,1/6,1/5) (1,1,1) (1/7,1/6,1/5) (1/5,1/4,1/3)

T6 (4,5,6) (1/5,1/4,1/3) (1/5,1/4,1/3) (1/3,1/2,1/1) (5,6,7) (1,1,1) (1,2,3)

T7 (1,2,3) (1/6,1/5,1/4) (1/8,1/7,1/6) (1/5,1/4,1/3) (3,4,5) (1/3,1/2,1/1) (1,1,1)

Expert 2's pairwise matrix MT2

DM2 T1 T2 T3 T4 T5 T6 T7

T1 (1,1,1) (1/9,1/9,1/8) (1/7,1/6,1/5) (1/9,1/8,1/7) (3,4,5) (1/3,1/2,1/1) (2,3,4)

T2 (8,9,9) (1,1,1) (2,3,4) (1,2,3) (7,8,9) (3,4,5) (5,6,7)

T3 (5,6,7) (1/4,1/3,1/2) (1,1,1) (1/3,1/2,1/1) (6,7,8) (1,2,3) (5,6,7)

T4 (7,8,9) (1/3,1/2,1/1) (1,2,3) (1,1,1) (7,8,9) (4,5,6) (6,7,8)

T5 (1/5,1/4,1/3) (1/9,1/8,1/7) (1/8,1/7,1/6) (1/9,1/8,1/7) (1,1,1) (1/7,1/6,1/5) (1/3,1/2,1/1)

T6 (1,2,3) (1/5,1/4,1/3) (1/3,1/2,1/1) (1/6,1/5,1/4) (5,6,7) (1,1,1) (3,4,5)

T7 (1/4,1/3,1/2) (1/7,1/6,1/5) (1/7,1/6,1/5) (1/8,1/7,1/6) (1,2,3) (1/5,1/4,1/3) (1,1,1)

Expert 3's pairwise matrix MT3

DM3 T1 T2 T3 T4 T5 T6 T7

T1 (1,1,1) (1/9,1/8,1/7) (1/9,1/9,1/8) (1/8,1/7,1/6) (1/4,1/3,1/2) (1/6,1/5,1/4) (1/5,1/4,1/3)

T2 (7,8,9) (1,1,1) (1/3,1/2,1/1) (1,2,3) (6,7,8) (4,5,6) (5,6,7)

T3 (8,9,9) (1,2,3) (1,1,1) (3,4,5) (7,8,9) (4,5,6) (5,6,7)

T4 (6,7,8) (1/3,1/2,1/1) (1/5,1/4,1/3) (1,1,1) (5,6,7) (1,2,3) (2,3,4)

T5 (2,3,4) (1/8,1/7,1/6) (1/9,1/8,1/7) (1/7,1/6,1/5) (1,1,1) (1/6,1/5,1/4) (1/3,1/2,1/1)

T6 (4,5,6) (1/6,1/5,1/4) (1/6,1/5,1/4) (1/3,1/2,1/1) (4,5,6) (1,1,1) (1,2,3)

T7 (3,4,5) (1/7,1/6,1/5) (1/7,1/6,1/5) (1/4,1/3,1/2) (1,2,3) (1/3,1/2,1/1) (1,1,1)
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The experts' pairwise matrices for economic barriers

The experts' pairwise matrices for social barriers

Expert 1's pairwise matrix ME1

DM1 E1 E2 E3

E1 (1,1,1) (1/3,1/2,1/1) (1/7,1/6,1/5)

E2 (1,2,3) (1,1,1) (1/6,1/5,1/4)

E3 (5,6,7) (4,5,6) (1,1,1)

Expert 2's pairwise matrix ME2

DM2 E1 E2 E3

E1 (1,1,1) (1,2,3) (1/4,1/3,1/2)

E2 (1/3,1/2,1/1) (1,1,1) (1/5,1/4,1/3)

E3 (2,3,4) (3,4,5) (1,1,1)

Expert 3's pairwise matrix ME3

DM3 E1 E2 E3

E1 (1,1,1) (1/5,1/4,1/3) (1/4,1/3,1/2)

E2 (3,4,5) (1,1,1) (1,2,3)

E3 (2,3,4) (1/3,1/2,1/1) (1,1,1)

Expert 1's pairwise matrix MS1

DM1 S1 S2 S3 S4 S5 S6

S1 (1,1,1) (1/4,1/3,1/2) (1,2,3) (1/6,1/5,1/4) (1/5,1/4,1/3) (3,4,5)

S2 (2,3,4) (1,1,1) (2,3,4) (1/5,1/4,1/3) (1/3,1/2,1/1) (5,6,7)

S3 (1/3,1/2,1/1) (1/4,1/3,1/2) (1,1,1) (1/8,1/7,1/6) (1/7,1/6,1/5) (2,3,4)

S4 (4,5,6) (3,4,5) (6,7,8) (1,1,1) (1,2,3) (7,8,9)

S5 (3,4,5) (1,2,3) (5,6,7) (1/3,1/2,1/1) (1,1,1) (5,6,7)

S6 (1/5,1/4,1/3) (1/7,1/6,1/5) (1/4,1/3,1/2) (1/9,1/8,1/7) (1/7,1/6,1/5) (1,1,1)

Expert 2's pairwise matrix MS2

DM2 S1 S2 S3 S4 S5 S6

S1 (1,1,1) (3,4,5) (1,2,3) (1/6,1/5,1/4) (1/4,1/3,1/2) (5,6,7)

S2 (1/5,1/4,1/3) (1,1,1) (1/3,1/2,1/1) (1/8,1/7,1/6) (1/7,1/6,1/5) (1,2,3)

S3 (1/3,1/2,1/1) (1,2,3) (1,1,1) (1/6,1/5,1/4) (1/5,1/4,1/3) (3,4,5)

S4 (4,5,6) (6,7,8) (4,5,6) (1,1,1) (1,2,3) (7,8,9)

S5 (2,3,4) (5,6,7) (3,4,5) (1/3,1/2,1/1) (1,1,1) (6,7,8)

S6 (1/7,1/6,1/5) (1/3,1/2,1/1) (1/5,1/4,1/3) (1/9,1/8,1/7) (1/8,1/7,1/6) (1,1,1)

Expert 3's pairwise matrix MS3

DM3 S1 S2 S3 S4 S5 S6

S1 (1,1,1) (1,2,3) (2,3,4) (1/3,1/2,1/1) (1/5,1/4,1/3) (5,6,7)

S2 (1/3,1/2,1/1) (1,1,1) (1,2,3) (1/4,1/3,1/2) (1/6,1/5,1/4) (3,4,5)

S3 (1/4,1/3,1/2) (1/3,1/2,1/1) (1,1,1) (1/5,1/4,1/3) (1/9,1/8,1/7) (3,4,5)

S4 (1,2,3) (2,3,4) (3,4,5) (1,1,1) (1/3,1/2,1/1) (6,7,8)

S5 (3,4,5) (4,5,6) (7,8,9) (1,2,3) (1,1,1) (8,9,9)

S6 (1/7,1/6,1/5) (1/5,1/4,1/3) (1/5,1/4,1/3) (1/8,1/7,1/6) (1/9,1/9,1/8) (1,1,1)
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The experts' pairwise matrices for environmental barriers

The experts' pairwise matrices for organizational barriers

Expert 1's pairwise matrix MN1

DM1 N1 N2 N3 N4

N1 (1,1,1) (7,8,9) (8,9,9) (1,2,3)

N2 (1/9,1/8,1/7) (1,1,1) (1,2,3) (1/8,1/7,1/6)

N3 (1/9,1/9,1/8) (1/3,1/2,1/1) (1,1,1) (1/9,1/8,1/7)

N4 (1/3,1/2,1/1) (6,7,8) (7,8,9) (1,1,1)

Expert 2's pairwise matrix MN2

DM2 N1 N2 N3 N4

N1 (1,1,1) (8,9,9) (7,8,9) (2,3,4)

N2 (1/9,1/9,1/8) (1,1,1) (1/3,1/2,1/1) (1/9,1/8,1/7)

N3 (1/9,1/8,1/7) (1,2,3) (1,1,1) (1/8,1/7,1/6)

N4 (1/4,1/3,1/2) (7,8,9) (6,7,8) (1,1,1)

Expert 3's pairwise matrix MN3

DM3 N1 N2 N3 N4

N1 (1,1,1) (7,8,9) (6,7,8) (2,3,4)

N2 (1/9,1/8,1/7) (1,1,1) (1/3,1/2,1/1) (1/8,1/7,1/6)

N3 (1/8,1/7,1/6) (1,2,3) (1,1,1) (1/7,1/6,1/5)

N4 (1/4,1/3,1/2) (6,7,8) (5,6,7) (1,1,1)

Expert 1's pairwise matrix MO1

DM1 O1 O2 O3

O1 (1,1,1) (2,3,4) (3,4,5)

O2 (1/4,1/3,1/2) (1,1,1) (1,2,3)

O3 (1/5,1/4,1/3) (1/3,1/2,1/1) (1,1,1)

Expert 2's pairwise matrix MO2

DM2 O1 O2 O3

O1 (1,1,1) (4,5,6) (2,3,4)

O2 (1/6,1/5,1/4) (1,1,1) (1/3,1/2,1/1)

O3 (1/4,1/3,1/2) (1,2,3) (1,1,1)

Expert 3's pairwise matrix MO3

DM3 O1 O2 O3

O1 (1,1,1) (1,2,3) (2,3,4)

O2 (1/3,1/2,1/1) (1,1,1) (1,2,3)

O3 (1/4,1/3,1/2) (1/3,1/2,1/1) (1,1,1)
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The experts' pairwise matrices for supply chain barriers

Expert 1's pairwise matrix MC1

DM1 C1 C2 C3 C4

C1 (1,1,1) (1/6,1/5,1/4) (1,2,3) (4,5,6)

C2 (4,5,6) (1,1,1) (6,7,8) (7,8,9)

C3 (1/3,1/2,1/1) (1/8,1/7,1/6) (1,1,1) (1,2,3)

C4 (1/6,1/5,1/4) (1/9,1/8,1/7) (1/3,1/2,1/1) (1,1,1)

Expert 2's pairwise matrix MC2

DM2 C1 C2 C3 C4

C1 (1,1,1) (1/9,1/8,1/7) (1/4,1/3,1/2) (1,2,3)

C2 (7,8,9) (1,1,1) (6,7,8) (7,8,9)

C3 (2,3,4) (1/8,1/7,1/6) (1,1,1) (3,4,5)

C4 (1/3,1/2,1/1) (1/9,1/8,1/7) (1/5,1/4,1/3) (1,1,1)

Expert 3's pairwise matrix MC3

DM3 C1 C2 C3 C4

C1 (1,1,1) (1/9,1/8,1/7) (1/8,1/7,1/6) (1/3,1/2,1/1)

C2 (7,8,9) (1,1,1) (4,5,6) (5,6,7)

C3 (6,7,8) (1/6,1/5,1/4) (1,1,1) (2,3,4)

C4 (1,2,3) (1/7,1/6,1/5) (1/4,1/3,1/2) (1,1,1)
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B.5 The weighting of each barrier under different dimensions

T (Wn
T ) DM1 DM2 DM3

T1 0.033015 0.050256 0.021253

T2 0.348203 0.346888 0.268080

T3 0.267712 0.174347 0.373998

T4 0.165826 0.278692 0.151898

T5 0.023501 0.022263 0.034033

T6 0.104346 0.095023 0.092791

T7 0.057397 0.032531 0.057946

CR (Cn
T ) 0.041872 0.062333 0.050230

E (Wn
E ) DM1 DM2 DM3

E1 0.102034 0.238487 0.121957

E2 0.172118 0.136500 0.558425

E3 0.725848 0.625013 0.319618

CR (Cn
E) 0.025055 0.015771 0.015771

S (Wn
S ) DM1 DM2 DM3

S1 0.081862 0.135785 0.147508

S2 0.157451 0.047618 0.092103

S3 0.054729 0.085539 0.060220

S4 0.414289 0.419939 0.240248

S5 0.262214 0.281121 0.433025

S6 0.029455 0.029998 0.026895

CR (Cn
S ) 0.041068 0.037370 0.030477

N (Wn
N) DM1 DM2 DM3

N1 0.533939 0.577738 0.570639

N2 0.067006 0.043504 0.048723

N3 0.044495 0.065513 0.074042

N4 0.354561 0.313245 0.306596

CR (Cn
N) 0.030025 0.059570 0.056942

O (Wn
O) DM1 DM2 DM3

O1 0.625013 0.648329 0.539615

O2 0.238487 0.122020 0.296961

O3 0.136500 0.229651 0.163424

CR (Cn
O) 0.015771 0.003185 0.007933

C (Wn
C ) DM1 DM2 DM3

C1 0.190915 0.080968 0.049165

C2 0.656707 0.693314 0.629526

C3 0.098698 0.172437 0.228967

C4 0.053680 0.053280 0.092342

CR (Cn
C ) 0.041909 0.074155 0.075820

DM1 DM2 DM3

CR (Cn
D) 0.043268 0.029973 0.076203

CR (Cn
T ) 0.041872 0.062333 0.050230

CR (Cn
E ) 0.025055 0.015771 0.015771

CR (Cn
S ) 0.041068 0.037370 0.030477

CR (Cn
N) 0.030025 0.059570 0.056942

CR (Cn
O) 0.015771 0.003185 0.007933

CR (Cn
C ) 0.041909 0.074155 0.075820

CR (average) 0.034139 0.040337 0.044768

Weight of DM 34.693% 33.161% 32.146%

B.6 Weighting of decision makers
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