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Abstract: Industry 4.0 is changing the industrial environment. Particularly, the emerging Industry
4.0 technologies can improve the agri-food supply chain throughout all its stages. This study aims to
highlight the benefits of implementing Industry 4.0 in the agri-food supply chain. First, it presents
how technologies enhance the agri-food supply chain development. Then, it identifies and highlights
the most common challenges that Industry 4.0 implementation faces in agri-food’s environment. After
that, it proposes key performance indicators to measure the advantages of this implementation. To
achieve this, a systematic literature review was conducted. It combined conceptual and bibliometric
analyses of 78 papers. As a result, the most suitable technologies were identified, e.g., Internet of
Things, Big Data, blockchain and cyber physical systems. The most used indicators are proposed
and the challenges of implementation were detected and classified in three groups, i.e., technical,
educational and governmental. This paper highlights and exemplifies the benefits of implementing
Industry 4.0 facing the lack of knowledge that exists nowadays. Moreover, it fulfils the gaps in
literature, i.e., the lack of information about the implementation of technologies 4.0 or the description
of the most relevant indicators for Industry 4.0 implementation.

Keywords: smart industry; agri-food; digitization; key performance indicators

1. Introduction

Throughout history, there have been different industrial revolutions that have allowed
improvements and technological advances to be implemented. The latest industrial revolu-
tion is Industry 4.0, which refers to a new way of working, communicating and relating,
based on the connectivity provided by the implementation of the internet and the use of
information through the automatic collection and processing of data [1]. The properties
that characterize Industry 4.0 are: automation, digitization, decentralization, virtualization,
the acquisition of data in real-time and its processing and communication in real-time [2].

Regarding the agri-food industry, it has a crucial role in processing the agricultural
raw materials and supplying food [3]. However, this industry is not considered as a sector
with high research intensity [4] and rural enterprises are not convinced to participate in
collaborative networks to stimulate innovation [5]. The appearance of new business models
demands new requirements in the agri-food industry [6,7]. Moreover, innovation strategies
have a positive impact on financial performance [8]. Particularly, Forman and Annala
(2011) interviewed 733 small enterprises, concluding that “the degree of innovation capa-
bilities, R&D investments and profitability are associated with the diversity of developed
innovation types” [9]. Based on the above, a company that wants to maintain a competitive
position must be able to combine high-quality products and services with tight delivery
times, all at a low cost. To achieve these objectives, it is essential to obtain information
in real time, which 4.0 technologies provide. This real-time information converted into
suitable indicators allows the agri-food supply chain (AFSC) to generate improvement
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actions and evaluate the changes and decision making in real time [10]. Therefore, key
performance indicators (KPIs) are crucial to check the correct implementation of technolo-
gies in AFSC [11]. KPIs are numbers that reflect the productive process of industries in a
compact way and, as a management tool, they provide the opportunity for a quick analysis.
They ensure that the information acquired from the processes is treated correctly, updated
and presented in a comprehensive and easy-to-understand way [11].

The implementation of Industry 4.0 in the AFSC is a way to improve the production
processes, increase productivity and reflect individual demands and short-term manage-
ment wishes [12,13]. Furthermore, these technologies are gaining importance for their
ability to improve food safety, shelf life and nutritional and sensory qualities [14-19]. For
example, Jagtap and Rahimifard (2019) present a case study in which the reduction in food
waste improved thanks to the acquisition of real-time data [20].

This paper aims to highlight the potential that Industry 4.0 technologies can bring,
to improve the AFSC and fill the gaps in current literature. Kittipanya-ngam and Tan
(2020) assert that there is a lack of information on the digitization of the AFSC [21]. Other
previous studies demand the need for research on how 4.0 technologies can improve the
AFSC [22-25]. Finally, Joppen (2019) identifies the absence of transparency relative to the
effects and benefits of Industry 4.0, which could be measured by KPIs [11].

The rest of the manuscript is organized as follows: In Section 2, we describe the
methodology of this study. Section 3 presents the results obtained from the study and the
paper ends with conclusions and proposals for future research agendas, in Section 4.

2. Methods

Based on the gaps identified in Section 1, there is a lack of information about Industry
4.0 implementation in the AFSC, its benefits and how KPIs enhance this analysis. Therefore,
it is necessary to compile a literature review to fill those gaps by exploring the use of
technologies 4.0 throughout the AFSC.

A systematic literature review (SLR) was conducted. This tool enhances the evaluation
of the state of art and the specification of the research questions [26]. An SLR allows us
to identify, evaluate and interpret the available and relevant research topic’s information,
promoting guidelines to identify relevant contributions [27].

Following the methodology presented in Kitchenman (2007) [28], this research study
combined bibliometric and conceptual analyses guided by specific research questions (RQs)
(see Figure 1).
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Figure 1. Research methodology.
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2.1. RQs Definition

RQs were formulated to identify the principal aspects of applying Industry 4.0 con-
cepts to the AFSC (see Table 1).

Table 1. Research question definition.

Research Question Motivation

RQ1: How is research on using Industry 4.0  Industry 4.0 is revolutionizing the industrial
to develop AFSCs evolving? environment.

There is not a specific research study about the use
of 4.0technologies; therefore, our RQ2 pretends to
fulfil this gap [21].

RQ2: Which are the most relevant
technologies for AFSC development?

RQ3: Which are the most relevant The selection of the appropriate indicators to know
indicators for the AFSC? the status of a supply chain is essential [11].

RQ4: What are the challenges of The challenges’ identification is crucial to succeed
implementing Industry 4.0 in an AFSC? in implementing Industry 4.0.

2.2. Database Selection

Web of Science (WoS) was selected as database because of its ability to identify “high
quality” journals [29], even though some authors maintain that using different databases
implies better results, such as Scopus and WoS [30]. The truth is that WoS and Scopus
complement each other [31]. As the largest proportion of journals is in WoS [32], we chose
WoS as database.

2.3. Material Collection

The articles from WoS were collected in October 2021 following the following search
criteria in topic and key words: (Agro* OR Agri* OR Food) and (Industry 4.0 OR 4.0
OR smart OR intelligen* OR technolog* OR digit*) and (supply chain OR process OR
logistic* OR traceab® OR Industr*). The * implies that all the words searched started with
these syllables but could have different endings, e.g., technolog* included the search of
technology, technological, or technologies. Our study was framed around 1438 articles
related to Industry 4.0 and AFSC.

2.4. Material Refinement

All the documents were analyzed to avoid bias and ensure that papers referred to the
concepts that were investigated [26]. Documents were excluded if they met at least one of
these requirements (R):

R1: the paper was not in English;

R2: the paper was not an article;

R3: The article was published before 2017;

R4: The category of the article was unrelated to the research topic;
R5: The key words or the title were unrelated to the researched topic.

We conducted a complementary search for KPIs of the AFSC because a global search
for technologies 4.0 and KPIs in AFSC could have proved to be more complex. Moreover,
papers related to KPIs seemed to be published before 2017, so they were excluded, by R3,
in the first search. We used the keywords (Agro* OR Agri* OR Food) and (supply chain
OR process OR logistic* OR traceab* OR Industr*) and (performance OR indicator OR key
performance indicator. These papers followed the same exclusion criteria, except R3, and
24 papers were added to the research study. Figure 2 presents how the selection process
was performed and how many papers were excluded per requirement.
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Figure 2. Material refinement scheme.

2.5. Data Extraction and Analysis

The 78 articles were analyzed to conduct a bibliometric analysis, which enhanced the
answer to RQ1.

2.6. Answer to RQs
A conceptual analysis was conducted to answer the other RQs.

3. Results and Discussion

This section answers the RQs formulated in Section 2.1 through the analysis of the
78 collected articles.

3.1. RQ1. How Is Research on Using Industry 4.0 to Develop AFSCs Evolving?

RQ1 was answered by conducting a bibliometric analysis. The study attended to the
distribution of publications per year, journal and country, as well as the most cited articles
and keywords.

Concerning the distribution by year of publication, the largest number of articles were
published in the last three years. This finding confirms the growing relevance of Industry
4.0 in the AFSC development (see Figure 3).
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Figure 3. Number of publications per year.

Regarding journals” distribution, Sustainability, Journal of Cleaner Production and Com-
puters and Electronics in Agriculture appeared as the most common journals for publication
(see Figure 4). Forty-nine journals published the 78 papers with about 75% of journals
publishing only 1 article. These results support the idea that the relevance of this topic is
increasing, as it is widespread among lots of journals. The most cited articles can be seen
in Table 2.

Journal-wise publication of articles

6
5
4
3
2
1 ERRR R
0
!

< v Q& A
\) N & S ‘5\ &
Q,\V f\ & o & oF SN N
v\_%v' Oo\\(l Q}C)\ qc_&\ éﬁ y@‘\ ‘\&’" ‘\\@0 ‘&")O Q‘_é”% %\?(;v &:\0
A & © Q S 3 ) > W &
3§ A \s <§ J & § S s S <
S & & oF < ‘\$\$ &‘9(’ & ?Ej? g N 3 N &
S < o & & < S & &
< S s Q) g = & & o)
& & & & R RS « & e
& o Rl & & & &
& & S \
QL Q & &
30 S S o) & $ S
S B & & &
N & <&
R &L & & &
& € &5 &
& R\\’ %
& N
& &
Sy

Figure 4. Journal-wise publication of articles.



Agronomy 2021, 11, 2526

6 of 19

Table 2. Most cited articles.

Reference Number of Citations
[33] 190
[34] 138
[35] 136
[36] 122
(37] 91

Figure 5 presents the distribution of publications per country, China and Italy being
the countries with the most numerous publications on this topic.

Publications per Country

Seriel

IlO

Con tecnologia de Bing
© Australian Bureau of Statistics, GeoNames, Microsoft, Navinfo, TomTom, Wikipedia

Figure 5. Publications per country.

Finally, the keywords per year were studied. Figure 6 presents when each keyword
appeared for the first time. Industry 4.0 appeared in 2007 and grew significantly in the
following years. Indicators lost importance with the passage of time, whereas sustainability
and traceability gained importance since 2017.

The bibliometric analysis showed that the interest in the implementation of Industry
4.0 in the AFSC grew sharply in the last three years, together with the concepts of sustain-
ability and traceability. However, the topic of indicators should be re-driven, because it has
lost strength, but it is essential to measure the results of the implementation of Industry 4.0.
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Figure 6. Keywords per year.

3.2. RQ2. Which Are the Most Relevant Technologies for AFSC Development?

Following the bibliometric analysis, the evolution of technologies in AFSC could be
examined (see Figure 7). Cyber physical systems (CPSs) appeared as the first technology
in 2015. Other technologies, i.e., Internet of Things (IoT), Big Data and blockchain gained
importance in the last two years. On the contrary, technologies such as digital twin, cloud
computing and augmented reality (AR) were not so applied to the agricultural world.

Distribution of technologies per year
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4
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2 B Cyber Physical System
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0D U L] o
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Figure 7. Distribution of technologies per year.

We analyzed technologies and keywords together to detect which technologies were
applied the most to each issue of the AFSC (see Figure 8). As assumed, all technologies were
linked to Industry 4.0, with IoT being the most mentioned one. In the case of traceability,
the implemented technologies were blockchain, cloud computing and radio frequency
identification (RFID), while sustainability was supported by technologies such as IoT,
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virtual reality (VR), CPS, computer vision, AR and artificial intelligence (Al). This analysis
showed that the issue of indicators in the AFSC was not related to 4.0 technologies. This
finding reinforces the idea that the relationship between Industry 4.0 and KPIs should
be reviewed.

Distribution of technologies per keywords

o

2 4 6 8 10 12

Traceability Sustainability ~®Industry 4.0 M Indicators

Figure 8. Distribution of technologies per keyword.

The use cases of technologies in the AFSC were studied and the results are summarized
in Table 3.

Al can detect, predict, or diagnose undesirable situations in industrial systems. This
technology replaces or reduces human-made controls in food production and delivery
processes, which are often unreliable and time-consuming [38]. Al helps in preventing
or minimizing downtime and the persistence of dangerous situations [39]. In addition,
it is often used in tasks related to the quality and classification of food in operational
processes [40,41]. In [42], interesting issues about Al are highlighted towards a space
economy to achieve sustainable and responsible agri-food business models.

Big data provide solid data support that can innovate the economic management of
the entire AFSC [43] or, in conjunction with other technologies, develop a smart agriculture
supporting key data of agricultural aspects, e.g., weather, geographical spatialization and
animal and crop behaviors [44,45].

In the case of blockchain, as seen in Figure 7, this is closely related to traceability.
Traceability is a topic associated with the quality and the security of the products [46—48].
Blockchain technology is very useful to improve the security and supply of food and
guarantees transparency to the customer along the entire AFSC [22,37,49-56]; further, it can
also reduce the costs in comparison with the traditional system [57]. RFID complements
this technology for identification tasks [7,37].

CPSs have different applications to the AFSC. Chen (2017) presented a new approach
to CPSs used in food traceability based on intelligent value stream integrated with en-
terprise architectures and a value stream mapping method by fog computing network
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for collaborative traceability efficiency [58]. Pal and Kant (2020) proposed to turn fresh
food logistics into a CPS that monitors and controls the associated operating system [59].
This could improve the freshness and safety of food, reduce food waste and increase the
efficiency of transportation and distribution. CPSs can be also used to develop precision
agriculture [60,61].

In general, the digital twin is used in process simulation and production scheduling
for operational processes [62]. Dey et al. (2021) showed a particular case of simulation of
the thermal behavior of fruit to help to improve cooling processes [63].

IoT allows the collection of data that can affect the quality of food and its trace-
ability along the AFSC [34,64-66]. It can also help to increase productivity, efficiency
and performance and providing machine data and information to improve operational
processes [67,68] or key aspects of crops and animals for agricultural monitoring [44].

Considering sustainability, in the AFSC, the most common topics were reducing
food waste and surpluses in operational processes [69-73] and improving energy effi-
ciency [72,74]. There are some technologies that seek to bring this sustainability topics
closer to the AFSC, i.e., Al by reducing food waste [35,75-78]; Big Data by enhancing the
achievement of the Sustainable Development Goals (SDG) related to safety, traceability
and food quality [79]; CPSs by helping with the implementation of the life-cycle analysis
(LCA) [80]; and IoT by improving the energy efficiency of the AFSC [81].

Table 3. Articles distributed by technologies.

Big  Blockchain . Clovd Computer g Digital ) o or Machine  pry Robot VR

Reference Al AR Data Computing Vision Twin Learning
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Table 3. Cont.

Reference

Al

AR

Big
Data

Cloud Computer CPS Digital Drones ToT Machine RFID Robot VR

Blockchain Computing Vision Twin Learning

X

[37]

X

Al, artificial intelligence; AR, augmented reality; CPS, cyber physical system; IoT, Internet of Things; RFID, radio frequency identification;
VR, Virtual Reality. The x represents that this technology appears in this reference.

3.3. RQ3: Which Are the Most Relevant Indicators for the AFSC?

Measuring variables in real time allows companies to react faster to changing con-
ditions in supply chains. The data or information that companies collect are crucial. In
this sense, the technologies of Industry 4.0 can reduce the uncertainty, as they allow to
obtain accurate information in real-time. This information helps to increase the efficiency,
sustainability, flexibility, agility and the adaptive capacity throughout the entire supply
chain [83].

Measuring the performance of AFSCs is not always easy, because they present different
characteristics from the rest of the supply chains. In addition, consumer behavior has
changed and consumers care more about aspects such as food safety, pesticide use or
sensory properties [33]. Interest is growing by controlling production costs, reducing
energy consumption and improving efficiency in production due to the low profit margin of
some food industries [89]. KPIs enable the control of these aspects. Acquiring information
in real time allows more accurate data acquisition and thus KPI calculation to be performed.
In this sense, Industry 4.0 technologies, such as CPSs, allow time variables to be acquired
and used to obtain more accurate KPIs than before [90]. At the same time, they could
be used to measure the benefits of implementing these new technologies. The study on
indicators is presented in the following table (Table 4).
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Table 4. Study of KPIs.

KPIs Category KPI Reference
Use of energy
Greenhouse gas emissions
Ecoefficiency Use of water [91]

Wastewater generation

Generation of organic waste

Packaging waste

Transport and Logistics

Distance traveled

Service level [92]

Stock inventory

Use of the ruck

Energy consumption

Specific energy consumption

Energy intensity [93]

Carbon intensity

Performance

Production costs

Distribution costs

Transaction costs

Benefits

Return of investment

Inventory

Flexibility

Consumer satisfaction

Volume flexibility

Delivery flexibility

Backorders

Lost sales

Responsibility

Fill rate

Product delay

Consumer response time [33]

Lead/production time

Customers’ complaints

Shipping errors

Sensorial Properties and Duration

Product appearance

Taste

Useful life

Product Safety

Salubrity

Product Safety

Reliability and Convenience

Reliability

Convenience

Quality

Traceability

Warehouse conditions

Work conditions

Marketing

Promotion

Consumer service
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Table 4. Cont.

KPIs Category KPI Reference

Energy waste

Water waste

Use of pesticides

Recycle/Reuse

Preservation of biodiversity

Soil conservation

Water preservation

Air pollution

CO2 emissions

Sustainability Long-term water pollution

Long-term soil contamination

Toxic waste management [94]

Noise pollution

Drinking water consumption

Reuse and recycling of water

Crop production

Renewable energy production

Logistics

Carbon balance

Nitrogen balance

Maxime et al. (2006) determined a series of KP]Is, related to eco-efficiency, which, in
turn, had different sub-indicators [91]. On the other hand, Yuan et al. (2019) presented a
series of indicators related to logistics and transportation [92]. Juchniewicz and Lukiewska
(2021) also presented indicators related to logistics, e.g., the ratio of exports in the world
market or the relationship between quantities of exported and imported products [95].

Morais et al. (2020) determined three KPIs related to energy consumption [93].
Aramyan et al. (2007) presented different KPI categories, e.g., performance, flexibility
and responsibility [33]. The indicators of the performance category were also exposed
in the article published by Costa et al. (2020), where the authors explain the KPI for the
worker’s level of experience, which is measured at their time thanks to the two indicators
of financial gains and product quality [96]. Fernandes Ferraez et al. (2020) proposed several
environmental indicators [94]. Fernandez Mena et al. (2020) proposed environmental
indicators to evaluate scenarios in terms of environmental services, nutrient cycles and
autonomy of means [97]. Likewise, Ruiz- Almeida and Rivera-Ferre (2019) and Mandarino
et al. (2019) also presented a series of environmental indicators [98,99]. The former per-
formed an analysis of the operation of the food systems at an international level, measuring
97 indicators divided into six categories; the latter determined sustainability indicators in
industry.

The analyzed indicators were distributed into several categories, as can be seen in
Figure 9. After that, the number of KPIs was studied to establish which were the most
relevant categories for the AFSC (see Figure 10).
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Figure 9. KPI categories.

Distribution of KPIs
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Figure 10. Distribution of KPIs per category.

Figure 10 shows that sustainability was the most relevant category for KPIs in the
AFSC, followed by categories such as ecoefficiency, performance and reliability. Future re-
search should be focused on the development of this kind of KPIs and their implementation
in the AFSC, helped by 4.0technologies.

3.4. RQ4: What Are the Challenges of Implementing Industry 4.0 in an AFSC?

The implementation of 4.0 technologies has a significant impact on the efficiency,
productivity and profitability of companies. However, it also requires overcoming a
series of practical challenges, mainly due to the lack of modernization and automation of
companies [45]. For that reason, this section pretends to highlight the challenges of this
implementation; thus, enterprises can identify and overcome them.

This research study reveals that the challenges of implementing 4.0 technologies in
the AFSC can be classified into technical, educational and policy challenges and regulatory
frameworks. The agri-food industry is embedded into a historical trajectory of resistance
to change [100]. According to Conti et al. (2021), there are six thematic explanations of this
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resistance which are closely related to those three groups of challenges [101]. Technical
challenges come from “technological persistence” and “infrastructure rigidities”; once a
technology is chosen and farmers develop the skills to employ that technology, it turns
into a deeply embedded procedure [102]. Educational challenges are associated with
“attitudes and cultures that cause aversion to change” and “research priorities, practices
and dominant innovation narratives misaligned to the transformational change agenda”.
When certain practices are adopted and considered as part of the family tradition, they
are automatically labelled as the “best” ones [103]. Finally, policy challenges emerge from
“misaligned institutional settings, policies and incentives” and “political economy factors
that skew the direction of change”. The agri-food industry transformation is guided by
powerful actors that support their own interests, although they are not often aligned with
the development goals of the agri-food system [104].

Regarding technical challenges, Zaraté et al. (2019) stated that it is necessary not only
to integrate technologies but also to ensure their interoperability [105]. The diversity of
interests and characteristics in the implementation and the heterogeneity of the sector make
a single solution difficult. For this reason, group decision making should be encouraged.
Another technological challenge is the need for data standards. Standardizing the data
would mean equality for all those involved; therefore, it would be possible to access the
same information providing a financial gain [83]. Moreover, the traditional structure is not
appropriate for the new technologies. This means that there is no suitable infrastructure for
the connection established between the physical and digital world [83,106] and that there
is a lack of training platforms to develop these technologies [36,107].

Educational challenges are related to lack of awareness and fear of change. Today, pro-
fessionals are still unaware of the improvements that Industry 4.0 can bring to the AFSC and
are not familiar with those technologies [108,109]. This lack of acceptance may be due to
the lack of real examples of financial viability, coupled with high investment costs [107,110].
Furthermore, these challenges mean that there is a lack of technical knowledge to imple-
ment and understand these new technologies [111]. To overcome these challenges, this
article highlights the uses and benefits of the implementation of 4.0 technologies in the
AFSC, enhancing the advantages of the application of these technologies.

Finally, there is a lack of government support. There are no government incentives,
financial subsidies, or training programs to reduce implementation costs [112]. In addi-
tion, regulatory policies and protocols are necessary for the adoption of new technolo-
gies [36,107].

4. Conclusions and Future Research Agenda

This study aims to contribute to the knowledge about the advantages and opportuni-
ties that Industry 4.0 can bring to the AFSC by identifying the most suitable technologies,
introducing the implementation of KPIs and highlighting the challenges of this topic. To
achieve this, an SLR was conducted and 78 articles were analyzed in depth.

The study shows that research on Industry 4.0 together with AFSC has sharply in-
creased in recent years. Particularly, the most cited technologies are CPSs, 10T, Big Data
and blockchain, the latter being indispensable to develop new traceability projects. Fur-
thermore, the topic of sustainability in the AFSC seems to be closely related with the
implementation of technologies such as Al, Big Data, CPSs and IoT to achieve sustainable
goals in the environment.

Regarding the implementation of KPIs, Industry 4.0 can enhance their implementa-
tion [90]; at the same time, they can measure the benefits of Industry 4.0 [113]. Although
the interest in controlling production is growing, the topic of indicators in the AFSC has
lost strength in recent years. This research study identifies, as the most important ones, the
KPIs related to sustainability, ecoefficiency, performance and reliability.

The challenges faced by Industry 4.0 implementation in the AFSC were classified into
three groups: technical, educational and governmental.
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Finally, the following research agenda was developed thinking in terms of fulfilling
the gaps and overcoming the challenges found in this research study:

e  Studies should be focused on KPI development; thus, KPIs could prove the advantages
of implementing 4.0 technologies.

e  Research should show successful cases of industry 4.0 implementation in the AFSC to
encourage its acceptance.

e  There is a lack of standardization in the implementation process, which should be
reviewed in future research.

e  The interaction between sustainability and Industry 4.0 in the AFSC should be more
attentively reviewed.
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