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Unleashing Industry 4.0: Leveraging Lean Practices
to Overcome Implementation Barriers

Stefano Frecassetti , Matteo Rossini , and Alberto Portioli-Staudacher

Abstract—Digitalization is underway and is a new way to make
companies more competitive. However, it is a tortuous road where
failure often arises. Lean management has been shown to be a
significant element in the success of digitalization, particularly
in driving and directing companies on their digital technologies
implementation journey. Despite this, there is limited evidence
of how Lean Management can facilitate the implementation of
Industry 4.0 technologies. Intending to understand this facilitating
role, this article investigates the relationship between different
Lean practices and the most common Industry 4.0 implementa-
tion barriers. Relying on expert opinions, through the use of the
interpretive ranking process methodology, a specific relationship
between Lean practices and barriers has been depicted, showing
that some practices have a major impact in reducing some specific
barriers. In particular, the ones related to the elimination of waste
and continuous improvement bundle are expected to be the most
prominent. The implications of this study are both practical and
theoretical, adding knowledge on how Lean can facilitate firms’
digital transformation and set the base for further research.

Index Terms—Barriers, digital technologies, interpretive rank-
ing process (IRP), Industry 4.0, Lean.

I. INTRODUCTION

IN recent years, many events have impacted the global
economy, which has affected several companies’

competitiveness and performance. Disruptive events, such
as COVID-19, have completely changed how companies
compete, forcing them to move toward new paradigms, such
as digitalization [1]. Companies must adapt and evolve to
stay relevant and competitive in todays’ constantly changing
business landscape [2]. Evidence shows how being up to
date, both from a managerial and technological perspective,
enhances companies’ competitiveness and facilitates their
survival during disruptive events [3]. In this sense, using the
latest technologies is fundamental because it can strengthen
resilience and improve firms’ performance [4]. In recent years,
increasing interest has been given to the paradigm of Industry
4.0, which includes several innovative digital technologies.
We can observe the Internet of Things (IoT), blockchain,

Manuscript received 2 October 2023; revised 9 February 2024; accepted
25 April 2024. Date of publication 3 May 2024; date of current version 5 June
2024. Review of this manuscript was arranged by Department Editor J. Antony.
(Corresponding author: Stefano Frecassetti.)

The authors are with the Department of Management, Economics and
Industrial Engineering, Politecnico di Milano, 20156 Milano, Italy (e-mail:
stefano.frecassetti@polimi.it).

Digital Object Identifier 10.1109/TEM.2024.3396448

augmented reality (AR), autonomous robots, and simulation
and cloud computing [5]. When fairly implemented, these
technologies can substantially benefit firms’ performance, both
from an operational level and from a business and financial
one [6]. However, several issues that companies can face
throughout the implementation process can lead to longer
implementation, time, failure to meet expected results, or lack
of performance improvement [6]. These facts can happen due
to nonoptimal and structured implementation processes [7] and
some implementation barriers, which can hamper fulfilling the
objectives mentioned above [6], [8]. Those barriers can have
different characteristics; they can be operational [6], [9], [10],
financial [6], [9], or cultural [6], [9]. Knowing these barriers
and their effect is of fundamental importance for companies and
managers to drive the digitalization process and successfully
implement the selected technologies [11]. Among the others,
one of the main aspects managers should focus on is the cultural
one, which is deemed one of the most relevant ones to guarantee
the success of any firms’ digital transformation [12]. For
instance, an organization that is used to continuously changing
and adapting to the external environment and market needs could
be one in which the digital transformation will go smoothly [11].
In contrast, companies which are less adaptive and more keen
on the as-is are the ones in which the cultural aspect can play
a significant negative role [7]. In this sense, using the right
managerial practices and levers plays a fundamental role [13].
In fact, there is evidence of how some practices facilitate the
digital transformation process, especially in the manufacturing
environment [14]. Among the others, Lean Management is a case
in point [7]. The term Lean was coined in the nineties to identify
and share the management paradigm used in Toyota [15], also
known as Toyota Production System (TPS). Based, among
others, on the continuous improvement philosophy [16],
the bottom-up approach and the pull production system, Lean
Management is well known [17] and applied worldwide, giving,
in many cases, beneficial outcomes [18]. Lean Management
has evolved throughout the years, and its practices, such as
value stream mapping (VSM) [19], have been integrated and
improved with digital technologies. This fact has become even
more relevant with Industry 4.0, where it has been noticed that
Lean companies have greater benefits from the Industry 4.0
technologies implementation rather than non-Lean ones [21],
[22]. Notably, from an operational perspective, researchers
see Lean as a fundamental prerequisite to implementing and
exploiting Industry 4.0 technologies [22], [23]. Also, from a
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more managerial perspective, some studies highlighted how
Lean companies face a more simple and successful digital
transformation process [14]. This could be justified by the
embedded features of Lean organizations, which are usually
prone to change [25]. Even though there is some evidence [24],
why and how Lean supports the digital transformation process
is still an open debate [26]. This article aims to contribute to
this body of literature investigating how Lean practices (LPs)
could help firms’ digital transformation overcome Industry 4.0
implementation barriers. By knowing these facts, this study
seeks to answer the following research question: “Can Lean
Practices break down Industry 4.0 barriers?” This article will
showcase the relationship between a selected set of LP and the
most relevant Industry 4.0 barriers performing an interpretive
ranking process (IRP) analysis. The rest of this article is
organized as follows. A theoretical background on the two
domains will be presented in Section II, followed by a detailed
explanation of the chosen methodology in Section III. Then,
in Section IV, the findings will be shown and discussed in
Section V. Finally, Section VI concludes this article, with the
limitations and the proposed future research lines.

II. THEORETICAL BACKGROUND

A. Industry 4.0

Technological evolution has profoundly marked the course
of global industries and economies in the contemporary era.
This phenomenon represents a crucial turning point, where
digital technologies, artificial intelligence, the IoT and advanced
connectivity come together to transform production processes
and the nature of work radically [27]. The proliferation of new
technologies has created an increasingly interconnected world,
leading to the fourth industrial revolution, Industry 4.0 [28].
Industry 4.0 was first defined at the Hannover Fair in Germany
in 2011 [29]. It describes an industry characterized by connected
machines, intelligent products and systems, and interconnected
solutions [29]. The adoption of this paradigm by firms allows the
integration of cyber and physical systems, leading to the emer-
gence of the so-called smart factories [30]. This revolution stands
out as an element of change and renewal capable of redesigning
production assets, resource management, the value chain, and
the competitive dynamics of companies [31]. In this respect,
Industry 4.0 strives for dynamic and autonomous production,
which embeds information and communication technologies
(ICT) to meet the typology of todays’ market demand, i.e.,
mass customization [32]. Sony [30], stated that in terms of
effectively addressing customer expectations, Industry 4.0 will
have a significant long-term and short-term strategic influence
on global markets for manufacturing and services. The roots
of this transformation lie in the digitalization process that has
marked the last decades, enabling the collection, sharing, and
analysis of huge amounts of data. When properly processed,
such data proves to be a key infrastructure for the emergence of
increasingly intelligent and efficient production processes [27].
The pervasive connectivity provided by the IoT enables real-
time communication between machines, systems, and devices,
paving the way for a new era of continuous monitoring, control,
and adaptation of industrial activities [33]. In parallel, artificial

intelligence and machine learning enable machines to learn from
data and make autonomous decisions [34], accelerating process
automation and improving operational accuracy [5], [35]. These
characteristics directly impact digitalized manufacturers, i.e.,
to maintain and create a sustainable competitive advantage in
operations management and manufacturing productivity [3].
Industry 4.0 has been one of the most often debated subjects
among practitioners and academics in recent years. Neverthe-
less, there has yet to be an official definition of the paradigm,
not allowing companies to adopt a univocal process for adopting
the latter [28]. Hermann et al. [36] provided six design concepts
that might assist firms in finding potential pilot projects to close
that gap, i.e.,

1) interoperability;
2) virtualization;
3) decentralization;
4) real-time capability;
5) service orientation;
6) modularity.
However, the transformation linked to Industry 4.0 is not

limited to technology; it also penetrates the economic and so-
cial framework. The interconnection of production elements
on a global scale makes it possible to create highly flexible
and efficient production and distribution networks, breaking
down geographical barriers and opening up new frontiers for
collaboration between companies [37]. Digital transformation
affects both production modalities and the nature of human work,
requiring adaptation of skills and favouring new perspectives for
human–machine interaction [38]. With a broader vision, [39]
defines three kinds of integration in the Industry 4.0 paradigm,
i.e., 1) horizontal integration, 2) vertical integration, and 3) end-
to-end engineering integration. Horizontal integration involves
integrating value networks to facilitate collaboration across
businesses or organizations in the value chain [40]. Vertical
integration merges several hierarchical subsystems to establish
a flexible and changeable production system [30]. Through end-
to-end engineering integration, customized goods and services
may be produced at every value chain stage [41], [42].

B. Industry 4.0 Barriers

In the current turbulent environment, the application of In-
dustry 4.0 is considered an appropriate solution to address con-
temporary issues, such as shortened technology and innovation
cycles, increasing customization, and enhanced demand volatil-
ity [43]. In addition, Industry 4.0 in the literature is promised to
improve efficiency and flexibility and decrease time-to-market
and excess production. However, Kagermann et al. [29] also
identified implications for changing workforce qualifications,
data security concerns, and expiring business models. However,
the benefits and impacts of adopting Industry 4.0 still need to be
improved due to the contradictory outcomes of researchers, con-
sultants, politicians, and practitioners [43]. Indeed, the research
made by McKinsey and Company [44] highlighted that six out of
ten manufacturers interviewed face implementation barriers for
Industry 4.0. These barriers have proved to be largely relevant in
that manufacturers’ progress achieved in one year is limited or
nonexistent. In addition, they demonstrated that there are some
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barriers specific to manufacturers with no or limited progress
in Industry 4.0 (e.g., lack of necessary talent and cybersecurity
concerns when working with third-party providers). Additional
barriers are mentioned by more advanced manufacturers, such
as concerns about data ownership challenges with integrating
data from disparate sources to enable Industry 4.0 applications.
Moreover, Leipzig et al. [45] found out that, although most
companies have recognized the importance of digitalizing, some
challenges are inhibiting companies from starting or benefitting
from the digital transformation journey [46]. Specifically, the In-
dustry 4.0 barriers that are the most mentioned by the companies
interviewed include insufficient IT structures, lack of technical
skills, inadequate business processes, and high implementation
risks and costs [45]. From these works, it is clear how the barriers
are many and different: They can be internal barriers, which
means inside the firm’s boundaries or external ones. Among the
internal barriers, it is possible to find different categories, such
as shortage of resources [43], [47], [48], [49], organizational
resistance [11], technology risks [11], [43], lack of managerial
support [11], and lack of knowledge/skills [11], [43], [44].
On the other hand, the external barriers are still important
because they can greatly impact the firms’ digital transformation.
Among them, we can find three main categories: security-related
risks [11], [43], [44], technology integration [39], [43], [50], and
environmental ones [43], [44]. Many researchers, consultants,
politicians, and practitioners agree that the environment in which
all the companies compete is changing. In this regard, Horvath
and Szabo [11] pointed out that the intense market competi-
tion and pressure from competitors characterizing the market
nowadays are additional driving forces for adopting Industry
4.0. Specifically, they suggest that the market share and the
competitive advantage could be increased through innovative de-
velopments based on Industry 4.0 technologies. Consequently,
it is extremely important to understand the barriers that prevent
companies from adopting Industry 4.0 technologies in their
processes and how to cope with them.

C. Lean Management

Within the context of production and business management
strategies, the concept of Lean Management emerges with clear
relevance as one of the most influential managerial philosophies
of recent times, aimed at maximizing efficiency, eliminating
waste, and optimizing resources [17], [18], [25], [51], [52].
Initially born at the end of the twentieth century as part of the
TPS [53], it has been the dominant manufacturing paradigm
in the previous decades in the United States of America and
Europe. Lean Management quickly transcended the boundaries
of the automotive industry, spreading across multiple manufac-
turing sectors and becoming a cornerstone of modern operations
management [18], [54]. Lean has been defined as a set of man-
agement principles and techniques geared toward eliminating
waste in the manufacturing process and increasing the flow of
activities that, from the customers’ perspective, add value to the
product [55]. These different techniques, also known as Lean
management practices, encompass a collection of methods to
enhance productivity and decrease manufacturing expenses [27],

minimize ecological footprints [56], [57], and improve social
sustainability [58], [59]. This perspective is echoed in many
works such as the one by Kamble et al. [33]. Shah and Ward [25]
defined ten underlying dimensions starting from 48 items rep-
resenting Lean. The application of Lean Management practices
was initially considered only within the production boundaries;
however, more recently, it has been widened throughout different
industries [60] and the whole supply chain [61]. In this sense, the
extension of Lean principles and practices to the supply chain
has been called Lean supply chain [61]. Therefore, due to the
benefits provided to manufacturing environments, incorporating
Lean principles and practices into the supply chain has culmi-
nated in differentiated results along the supply chain, surpassing
those already achieved by the organizations individually [62].
According to this definition, other researchers tried identifying
the most relevant LPs from a more holistic perspective. Jasti and
Kodali [63] identified a framework in which eight pillars were
depicted. From this, some authors [64], [65] selected the 22 LPs
most cited in the studied literature and created and validated four
bundles of interrelated and internally consistent LPs. These four
bundles are as follows:

1) customer-supplier relationship management (CSRM);
2) logistics management (LOM);
3) elimination of waste and continuous improvement

(EWCI);
4) top management commitment (TMC).
Given the increased competition in recent years, implement-

ing LPs at a wider level has become fundamental [66], [67].
The competition is moving from a firm level to a supply chain
one; thus, it is not enough anymore to be efficient only inside
the boundaries of a single company [68], [69]. Rather, the whole
supply chain needs to be efficient to be competitive in the market.
Hence, implementing LPs has become a relevant competitive
advantage and an effective way to improve performance. Be-
sides this, applying LPs as a standalone managerial paradigm
has resulted in being confined to the business scenario [70].
Therefore, implementing Lean along the supply chain needs to
be complemented with further concepts or tools, such as the
triple bottom line or the Industry 4.0 paradigm.

D. Lean Management and Industry 4.0

In the ever-evolving landscape of manufacturing methodolo-
gies and technologies, amalgamating traditional practices and
emerging innovations often leads to transformative outcomes. Its
core principles have proven effective across industries, driving
enhanced productivity, flexibility, and innovation [17], [18],
[25], [51], [52]. Lean management initially stood in contrast to
ICT dependency. However, the relentless march of progress in
ICT solutions has triggered a paradigm shift. Researchers have
begun exploring the potential synergy between Lean principles
and advanced ICT, driven by the common overarching goals
of heightened productivity and flexibility [31]. Throughout the
years, Lean management has continuously embraced collabo-
rations with other technologies. This integration has continu-
ously evolved from material requirements planning [71], [72]
to early digital solutions. The emergence of Industry 4.0 has
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reinvigorated this synergy, amplifying its transformative poten-
tial. The concept of Industry 4.0, characterized by its intelligent
automation and data exchange, aligns seamlessly with Lean
principles to drive efficiency and adaptability. This union goes
beyond operational performance enhancement, extending its
positive impact on working conditions and innovation across
industries. Contrary to misconceptions, Industry 4.0, a revo-
lution marked by the fusion of digital technologies, the IoT,
and cyber-physical systems, is not a replacement for Lean Man-
agement. Instead, it enhances the maturity of Lean programs
within firms [28], [73]. In the literature, three different schools
of thought were identified [28], which were related to Lean
Management and Industry 4.0. First, many studies [74], [75],
[76] have considered Industry 4.0 and Lean as mutually sup-
portive, where Lean methods are seen as facilitators of Industry
4.0, whereas Industry 4.0 is analyzed as a factor strengthening
Lean. In this sense, Lean and Industry 4.0, despite with different
approaches, can and should be complementary since they have
the same goal of reducing costs and increasing productivity
for companies. Therefore, as Industry 4.0 technologies unfold,
Lean automation or Lean 4.0 concepts emerge as a significant
aspect of this transformation. As studied by Tortorella and Fetter-
mann [32], manufacturing companies have integrated Industry
4.0 and Lean principles. This integration signifies a dynamic
shift toward smarter and more efficient manufacturing processes.
Lean tools find a harmonious connection with Industry 4.0, as
highlighted by Shahin et al. [77]. This integration does not negate
the essence of Lean principles; instead, it complements and
enhances them, aligning the operational philosophy with the
technological revolution.

On the other hand, the second branch argues that digitalization
significantly impacts the implementation of Lean along the
supply chain [27], [78]. The convergence of these two paradigms
facilitates LPs to flourish alongside advanced technologies.
Sanders et al. [27] emphasized that Industry 4.0 is an enabler
for Lean Management, with its research activities fostering
performance improvements. Frecassetti et al. [79] highlighted
how simulation can be used to evaluate the impact of LPs
before their implementation, thus leading to an improved and
eased implementation phase. Pagliosa et al. [38] reinforced
this perspective, showcasing the positive association between
LPs and Industry 4.0 technologies. The third group of authors
claim that Lean could become a facilitator in the implementation
process of Industry 4.0 since the Lean work environment creates
a culture more receptive to new technologies [80], [81]. Even
though, according to Mayr et al. [82], the existing body of
research acknowledges the potential advantages of integrating
Lean and Industry 4.0, they have yet to deeply investigate how
Lean Management facilitates the implementation of Industry
4.0 technologies. In fact, some studies have explored the link
between specific practices and technologies from a high per-
spective [26]; others instead used a very narrow perspective
focusing on specific implementation cases [83], [84]. Other
authors pointed out that they confirmed this facilitating rela-
tionship from a theoretical perspective. However, on the other
hand, they hypothesized an effect on the implementation bar-
riers reduction, suggesting further empirical cases to validate
that effect [24]. Therefore, this article aims to investigate the

punctual interactions between the LPs and Industry 4.0 barriers.
In particular, with this article, the authors will try to answer
the following research question: “Can Lean Practices break
down Industry 4.0 barriers?” By using the IRP methodology,
this article will investigate the externalities, mainly positive, that
the implementation of one paradigm produces on the other by
looking at how and which LP can break down the Industry 4.0
implementation barriers.

III. METHODOLOGY

This section will provide all the relevant information related
to the methodology used for answering the research question and
fill the literature gap explained above. All the methodological
steps will be thoroughly explained, along with the data collection
and analysis procedures.

A. Interpretive Ranking Process

The methodology chosen for filling the highlighted gap is
the IRP analysis. Developed by Sushil [85], “the IRP is a novel
ranking method that combines the analytical logic of the rational
choice process with the strengths of the intuitive process at
the elemental level” [85]. It uses an interpretative matrix as a
basic tool and compares the matrix elements pairwise. Thus,
this technique builds on the strengths of pairwise comparison
approaches to minimize cognitive overload [85], [86], [87], [88],
[92]. As a ranking method, the IRP combines the rational choice
process’s analytical logic with the intuitive process’s strengths
at the elemental level [85]. As some authors [85], [89] pointed
out, the IRP creates new knowledge during the ranking process.
This new knowledge is useful for future decision-making be-
cause ranking variables to certain criteria is crucial to any man-
agement decision-making. Other classical classification rank-
ing techniques, such as analytic hierarchical process, analytic
network process, and interpretive structural modeling (ISM),
do not have this capability. Indeed, contrary to the traditional
paired-comparison analytic hierarchy process [90], wherein the
interpretations of the experts’ judgments are not explicit to the
implementer, IRP requires that the dominance of one factor
on another is exclusively interpreted, and thereby mitigates the
possibility of biased judgments [91]. In addition, through the
IRP technique, it is possible to identify three characteristics
for each variable analyzed. Specifically, rank, driving power,
and dependence power could be identified for each variable to
determine and prioritize the most impacting variables. The IRP
technique has additional advantages over other ranking methods.
Indeed, the IRP method can rank one variable according to
another [85], [92], whereas other ranking methods only rank
one variable. In addition, IRP makes it easy to compare the
interaction of variables to a set of performance parameters or
different sets of variables rather than to compare the variables
abstractly [85], [92].

B. Interpretive Ranking Process Steps

A sequence of steps required to deploy the IRP successfully is
explained in detail below, while the graphical scheme is provided
in Fig. 1.
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Fig. 1. IRP methodological steps.

1) Step 1: Identification of variables. The first step to imple-
ment the IRP technique is to list the two sets of variables
that should be investigated. Indeed, it is necessary to rank
one set of variables with the other [92].

2) Step 2: Definition of the contextual relationship. The
further step in the IRP method is to identify the contextual
relations between the two sets of variables identified in the
previous step. Specifically, this step should work closely
with experts to discuss and clarify these contextual rela-
tions.

3) Step 3: Development of cross-interaction matrix based
on the experts’ opinions. A cross-interaction matrix is
developed using one set of variables as rows and the
other as columns. The population of the matrix could be
obtained using binary numbers according to the following:

- 0 if the variable in the row does not impact the variable in
the column;

- 1 if the variable in the row impacts the variable in the
column.

4) Step 4: Development of cross-interaction interpretative
matrix. Once the cross-interaction matrix has been de-
veloped, there is the need to interpret the relationships
identified in the matrix by the binary number 1. This inter-
pretation should be made with experts [93] that could pro-
vide interpretations based on their practical experiences
and rich knowledge. When there are different opinions
about the interpretation of a relationship, several rounds of
discussions occur until a consensus is reached. No action
is required for the relationship in the cross-interpretative
matrix characterized by the binary number 0. Indeed, the
empty cells of the cross-interaction interpretative matrix
correspond to the cells with a value of 0 in the cross-
interaction matrix.

5) Step 5: Development of the Dominating Interaction Ma-
trix. The interpretative matrix serves as the base to com-
pare the factors regarding the reference variables [10] to
identify the level of importance. The interpretive logic of
dominating interactions between each pair of factors with
the different criteria parameters is applied in this step.
The pairwise comparison conducted here is different in

that the variables in the rows are not compared directly.
Rather, their interactions with the variables in the columns
are compared. More specifically, the pairwise comparison
determines the more important variables in the rows and
the less important ones in each variable in the columns.
The dominating interaction matrix summarizes the domi-
nating interactions thus obtained.

6) Step 6: Development of rankings and dominance matrix.
The dominance matrix summarizes the dominating inter-
actions. Each matrix cell contains the number of variables
or cases for which a variable dominates or is dominated
by another variable. The sum along each row provides
the total cases for which a variable dominates other vari-
ables. In contrast, the sum along each column provides
the total cases for which the others dominate a variable.
The difference between the corresponding row total and
column total gives the net dominance for each variable.
Then, the variables are ranked according to descending
net dominance.

7) Step 7: Validation of ranks. This step requires a dominance
system graph for each variable on the columns. The first
set of variables in each of these graphs must be represented
and connected with arrows, each representing a dominat-
ing relationship. The validation criterion assesses that each
graph’s flow is unidirectional with transitive relationships
among arrows. When this is not respected, a loop has
been created. Therefore, there must be an intransitive
arrow between these variables. In the case of a loop, the
dominating relationship between the two variables needs
to be revised and modified. Based on such modification,
dominating interaction matrix and dominance matrix need
to be modified, and the new ranks are to be elaborated.

8) Step 8: Development of a graphical representation. The
obtained ranking is represented diagrammatically as an
interpretive ranking model.

9) Step 9: Analysis of ranking order of variables. The ranking
order is interpreted for recommending actions.

C. Variables Selection

1) LPs Selection: LPs and, in general, Lean Management are
very well-known and studied topics, and it is possible to consider
these topics as mature ones. Knowing this, the authors decided
to start from already known and sound papers in the literature.
This could also lead to more understandable, reliable and robust
practice selection and study results. Second, this allowed the
authors to select the most relevant practices and keep only an
adequate number of them, given the embedded limitations of the
chosen methodology. Specifically, it has been decided to start
from the analysis conducted by Tortorella et al. [64], in which
they selected the most relevant LPs. In the articles they analyzed,
22 were the LPs most quoted in the literature. Considering the
final aim of this article, the characteristics of the four different
bundles, and the limitations of the methodology, the authors have
obtained 13 LPs. Hence, to be coherent with the interaction of the
barriers to the implementation of the Industry 4.0 technologies,
two bundles were more related to the operational features of the
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Lean paradigm (LOM and EWCI). Consequently, CSRM and
TMC are more related to the strategic one; thus, they were not
included in the analysis. The largest amount of the selected LPs
belong to the LOM bundle [64], which are as follows:

P1 - Efficient and continuous replenishment: [61];
P2 - Material handling systems: [61];
P3 - Standardized work procedures to assure quality achieve-

ment: [61], [94];
P4 - Open-minded and in-depth market research conducted

jointly: [95];
P5 - Inbound vehicle scheduling: [96];
P6 - Outbound transportation: [61];
P7 - Establishment of distribution centers: [97];
P8 - Functional packaging design: [64], [65].
The remaining part of the selected LPs belong to the EWCI

bundle are as follows:
P9 - Kanban or pull system: [61];
P10 - Leveled scheduling or Heijunka: [61], [98];
P11 - Consignment stock: [99];
P12 - Win-win problem-solving methodology: [98];
P13 - Value chain analysis or VSM: [100].

2) Industry 4.0 Barriers Selection: Contrary to LPs, the
Industry 4.0 paradigm and its technologies are a more recent do-
main, and studies related to barriers can be considered emerging;
even though there are many studies on Industry 4.0, only some
can be considered as potential reference papers, especially if
we refer to studies related to Industry 4.0 barriers. Thus, for
this part, the authors decided to perform a literature review
and a criterion-based selection to identify the most relevant
barriers to be included in this study. To do that, the authors
have sought in the literature which are the criteria applied for
this purpose. Indeed, some researchers [101], [102] argued that
any criterion becomes more important when cited in articles.
Therefore, the appropriate method to identify the barriers to
be considered in the analysis is the number of citations in
the literature [103], [104]. Alongside this, experts’ opinions
have been considered to validate the selection conducted. Af-
ter the literature review and selection, 10 main barriers were
selected by the authors. This number has been considered an
appropriate one since it enables to obtain realistic and relevant
results.

D. Matrix Development and Data Collection

Since the IRP technique requires quantitative information
as input, creating a punctual and clear tool to collect data is
paramount to avoid misinterpretation. Specifically, the authors
created a 2-D matrix, that has been distributed via email (shown
in Appendix 1). In this matrix, the rows contain the 13 selected
LP, whereas the 10 chosen barriers are included in the columns.
The respondents were asked to fill in the matrix using either
a 0 or a 1, depending on the relationship they thought to be
existent between each LP and barrier. A cell value of 0 indicates
that there is no relationship between the specific LP and the
corresponding Industry 4.0 barrier, whereas a cell value of 1

Fig. 2. Respondents profile.

attests to an existing relationship [104]. Besides this, the relia-
bility of the results is strictly connected with the characteristics
of the respondents. Therefore, the authors have carried out
specific research to identify the appropriate interviewees, all
deemed experts in both Lean and Industry 4.0 since the research
comprises both paradigms. The authors have chosen to send the
email to 36 European experts belonging to both academic and
practitioner domains. This sample included experts in different
European countries who have active relationships with various
European universities. Among them, 15 replied, representing
a 41.7% response rate, which can be considered a fair value,
similar to previous expert-based studies [6], [105]. Also, the
overall number of respondents can be regarded as acceptable
since it is slightly higher than prior studies using the same
methodology [104], [106]. The authors have decided to collect
data from different clusters of respondents with different senior-
ity, geographical locations, and areas of expertise to achieve a
more comprehensive dataset. This choice should enhance the
quality of the replies, ensuring a more reliable analysis. Also,
the authors decided to balance the heterogeneity between the
academic and manufacturing worlds; this was done to give a
uniform representation of both. Thus, the respondents belonged
to universities, manufacturing companies, and consultancy com-
panies. The specific distribution of the professional roles of the
respondents is shown in Fig. 2.

IV. FINDINGS

This section investigates the links between the LPs and
the Industry 4.0 paradigms by matching the practices with
the barriers. In particular, it studied how and to what
extent the LPs can break down the Industry 4.0 barriers. The
ranking method provided by the IRP has been used to investigate
the relationships mentioned above. This methodology perfectly
fits the problem under analysis since it allows us to compare the
interaction of variables—practices in this case—with respect
to another set of variables, barriers. From the review of the
fifteen matrices returned from the experts, no anomalies have
emerged; therefore, all of them have been considered eligible
for the analysis.
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Fig. 3. Selected LPs.

Fig. 4. Selected Industry 4.0 barriers.

A. Procedure

The following paragraph reviews the steps conducted to de-
ploy the IRP analysis and the results obtained.

1) Step 1: Identification of variables. The list of the two sets
of variables used for the analysis is provided in Figs. 3
and 4. The purpose of the analysis has been to rank the set
of practices to the set of barriers.

2) Step 2: Definition of contextual relationship. Starting from
the two sets of variables listed in Figs. 3 and 4, a matrix
has been developed, placing the practices on the rows and
the barriers on the columns. The result was a 13×10 table,
and the experts were required to fill the ij cell with a 1 if
they believed that the i practice could break down the j
barrier and a 0 otherwise. The structure of the matrix is
provided in Appendix A.

3) Step 3: Development of cross-interaction matrix. The re-
sults of the fifteen tables collected from the experts have
been averaged to obtain a unique table for the analysis
(Appendix B). According to the structure of the starting
matrix, the values of the resulting table range from 0 to
1. Therefore, to obtain the cross-interaction matrix made
up of 0 and 1 shown in Fig. 5, a threshold of 0,7 has
been set, meaning that cells that show values equal to or
higher than 0,7 have been filled with a 1, whereas the
ones that show an average lower than 0,7 have been filled
with a 0. The results obtained using different thresholds
discarded according to the expert opinion are provided in
Appendix C.

4) Step 4: Development of cross-interaction interpretative
matrix. A deep analysis of the cross-interaction matrix

Fig. 5. Cross-interaction matrix.

is necessary to interpret the relationships identified. To do
so, the cross-interaction interpretative matrix has been de-
veloped. In particular, for the cells of the cross-interaction
matrix that contain a 1, an explanation of the relationship
has been searched with the collaboration of an expert and
reported in the cross-interaction interpretative matrix (see
Fig. 6). At the same time, no actions have been necessary
for the cells characterized by a 0.

5) Step 5: Development of the dominating interaction matrix.
Then, the practices have not been pairwise compared
directly; rather, their interaction with the barriers and
the variables in the columns have been compared. For
instance, since the cell corresponding to the intersection
between P4 and B11 contains a 1, P14 has been indi-
vidually compared to all the other practices. Therefore,
concerning B11, it became the dominating practice since
no other practice intersects the column of B11 with a 1.
A more complex process is needed in case there are
multiple 1 values on a specific barrier column. In this case,
it is necessary to consider the matrix resulting from aver-
aging the experts’ opinions before setting the threshold
(Appendix B) and rounding the values to 1 or 0. In partic-
ular, if in the same column:

a) If the average value of two practices is the same, then there
is not an absolute dominant practice;

b) If the average value of one practice is higher than that of
another, then the first practice is the dominant one.
To better explain this procedure, considering the column
of B10, the intersection with both P3 and P13 in the
cross-interaction matrix is characterized by a 1. However,
looking at the matrix resulting from averaging the col-
lected data, it is possible to observe that the intersection
P3-B10 is 0,786 whereas P13-B10 is 0,714. Therefore,
in this case, P3 will dominate all the other practices,
including P13, since 0,714 < 0,786, whereas P13 will
dominate all the other practices except P3. This procedure
has been conducted for each pair of practice. It has al-
lowed us to identify the most and least important practices
and build the dominating interaction matrix presented in
Fig. 7.

6) Step 6: Development of rankings and dominance matrix.
The dominating interaction matrix has been subsequently
used to develop the dominance matrix by substituting the
identifiers of the barriers in each cell with the number of
the barriers in each cell. Then, the dominating (D) and the
dominated value (B) were calculated by summing up the
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Fig. 6. Cross-interaction interpretive matrix.
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Fig. 7. Dominating interaction matrix.

Fig. 8. Dominance matrix.

rows and columns, respectively. The resulting dominance
matrix is presented in Fig. 8.
Subsequently, by calculating D-B, the net dominance of
each practice has been derived, and the practices have
been ranked according to descendent values of D-B. An
additional step is required if some practices have the
same value of D-B since the IRP methodology does not
allow more practices to be in the same ranking level. In
order to solve this issue, the authors have compared the
ranking results with the threshold chosen, 0,7, with the
one that they would have obtained using the threshold 0,6.
According to this, it has been possible to determine which
practice should have precedence in the final ranking. The
resulting table, including the net dominance and the final
ranking, is shown in Fig. 9.

7) Step 7: Validation of ranks. A dominance system graph has
been created for each barrier on the column in which all the
practices are represented and connected according to the
dominance relationships found, as shown in Appendix D.
Then, to validate the rank, the authors carefully checked
for the intransitivity of the relationships and the absence of
transitive loops. No loops have been identified, supporting
the validity and the solidity of the opinions collected from
the experts.

8) Step 8: Development of a graphical representation. The
results of applying the IRP are shown in Fig. 10.

The last step of the methodology, Step 9 – analysis of the
ranking order of variables, will be addressed in the next para-
graph to provide a complete and extensive interpretation of the
results obtained.
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Fig. 9. Net dominance and ranking determination.

Fig. 10. IRP graphical representation.

B. Results Interpretation

Starting from the crucial elements of the IRP analysis, the net
dominance and the final rank developed in Step 6, the authors

decided to begin from the first element, the net dominance, and
to classify the practices according to the value of D-B as follows:

1) Net dominance (D-B) > 0: The practices that present
positive net dominance, in descendent rank order, are
Kanban or pull system (P9), leveled scheduling or Hei-
junka (P10), consignment stock (P11), open-minded and
in-depth market research conducted jointly (P4) and value
chain analysis or VSM (P13). Looking at the D-B values,
it has been observed that P9, P10, and P11 are significantly
above P4 and P13 and present net dominance values near
each other. In addition, most of these practices belong to
the EWCI bundle.

2) Net dominance (D-B) < 0: The LPs characterized by
negative values of net dominance are, in descendent rank
order, standardized work procedures to assure quality
achievement (P3), establishment of distribution centers
(P7), efficient and continuous replenishment (P1), in-
bound vehicle scheduling (P5), win-win problem-solving
methodology (P12), outbound transportation (P6), func-
tional packaging design (P8), and material handling sys-
tems (P2). Analyzing the net dominance values, the first
four practices, P3, P7, P1, and P5, present values near zero,
whereas the remaining ones, P12, P6, P8, and P2, have
D-B strongly unbalanced toward the negative and cannot
provide support to the reduction of any of the Industry 4.0
barriers.

Summing up this preliminary analysis, the LPs that can mostly
support the reduction of the Industry 4.0 barriers are Kanban
or pull system (P9), leveled scheduling or Heijunka (P10),
consignment stock (P11), and to a lesser extent, open-minded
and in-depth market research conducted jointly (P4), and value
chain analysis or VSM (P13). The inclusion of a pull system
as a positively supporting element can appear surprising at
first glance due to its traditional association with high-volume,
repeatable manufacturing rather than low-volume, highly cus-
tomized products. However, Saxby et al. [81] suggest that the
high computerization levels in Industry 4.0 could facilitate effi-
cient automated pull systems.

Moreover, it is possible to notice that most of these practices
belong to the EWCI bundle; therefore, they have a manage-
rial orientation rather than an operative one, and P4, even if
associated with the LOM bundle, shares the same direction.
This finding could be expected a priori because the spectrum
of influence of actions carried out at the management level is
usually way larger than that of operative measures. To have a
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Fig. 11. IRP results summary.

complete view to analyze the results of the IRP, Fig. 11 has been
developed.

Fig. 11 shows that the number of affected barriers decreases
from the top to the bottom of the ranking. Furthermore, the
practices belonging to the groups identified inside the bundles
of positive and negative D-B impact the same number of barriers.
Changing the perspective and focusing on the Industry 4.0
barriers, three different groups can be identified as follows.

1) Barriers that can be reduced through the implementation
of some LPs are lack of planning skills and activities
(B12), lack of financial resources (B7), and difficulty of
coordination across organizational units (B16);

2) Barriers can hardly be reduced by implementing LPs since
they require the implementation of some specific practices
to be impacted. In particular, they are organizational re-
sistance (B8), lack of training and skills (B10), standard-
ization problems (B15), and uncertain profitability and
economic business benefit (B11);

3) Barriers that cannot be reduced or cut down through
the application of any LPs, specifically lack of manage-
ment commitment and leadership (B9), concerns about
cybersecurity (B13), and need for a flexible interface to
synchronize different languages (B14).

Starting from lack of planning skills and activities (B12),
the practices that can help to cut down this barrier are efficient
and continuous replenishment (P1), inbound vehicle scheduling
(P5), and consignment stock (P11), but mostly leveled schedul-
ing or Heijunka (P10). In fact, leveled scheduling is a planning
strategy; thus, if a company pursues that approach, planning
skills are already acquired in the business. Regarding the lack
of financial resources (B7) from the research, it can be reduced
through the implementation of open-minded and in-depth mar-
ket research conducted jointly (P4), establishment of distribution
centers (P7), and consignment stock (P11). The difficulty of co-
ordination across organizational units (B16) can be weakened by
applying some practices related to the EWCI, in particular, Kan-
ban or pull system (P9), leveled scheduling or Heijunka (P10),
and consignment stock (P11). Indeed, implementing Kanban and
Heijunka allows a continuous flow of information between the
organizational units, facilitating coordination. Organizational
resistance (B8) could be weakened through the implementation
of a Kanban or pull system (P9) and value chain analysis or
VSM (P13). The value stream analysis and the pull system’s

development foster the creation of a flexible organizational
structure that allows the information to flow and supports the
introduction of new technologies that would otherwise meet
resistance. Coherently with what is expected, these last two
organizational barriers (B16 and B8) can benefit from applying
managerial EWCI practices rather than more operative practices
belonging to the LOM bundle. Lack of training and skills (B10)
could be reduced by implementing value chain analysis or VSM
(P13) and mostly standardized work procedures to assure quality
achievement (P3). The presence of specific work procedures
drastically reduces the training need. Standardization problems
(B15) can be removed through the implementation of Kanban
or pull system (P9) and leveled scheduling or Heijunka (P10).
Deploying these two EWCI practices that are the basis of Lean,
it is possible to increase the standardization of the information
in the business. This contributes to decreasing the standardiza-
tion problem concerning the implementation of Industry 4.0.
However, the standardization problem regarding the interface
cannot be solved through the implementation of these practices.
Uncertain profitability and economic business benefit (B11) can
be lessened from accurate, open-minded, in-depth market re-
search conducted jointly (P4). Indeed, deep and detailed market
research following the Lean logic can help better understand
the tangible and intangible benefits that can be derived from
implementing Industry 4.0 technologies. Lack of management
commitment and leadership (B9), concerns about cybersecurity
(B13), and the need for a flexible interface to synchronize dif-
ferent languages (B14) cannot be reduced or eliminated through
the implementation of LPs. Lack of management commitment
and leadership (B9) can be indirectly weakened by shooting
down other barriers to Industry 4.0. Concerns about cyberse-
curity (B13) represent a problem by itself, so it cannot benefit
from implementing any LP. The need for a flexible interface to
synchronize different languages (B14) can be reduced through
technological improvements. At the same time, Lean cannot help
in this sense, given its holistic view of the processes. Concluding
this IRP analysis, companies that seek to reduce the barriers that
they are facing in the implementation of Industry 4.0 should
focus on properly applying the LP that addresses the EWCI, in
particular, Kanban or pull system (P9), leveled scheduling or
Heijunka (P10), and consignment stock (P11). Through these,
achieving significant benefits in reducing Industry 4.0 barriers
is possible.
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V. DISCUSSION

Being digital is no longer a fashion for manufacturing; rather,
it is a matter of maintaining competitiveness and surviving. That
is why a structured process to embark on the digital journey is
fundamental nowadays. First, this can significantly influence
the outcome of the digital transformation, such as operational
performance improvement. Second, the decisions related to the
possibility of investing in specific technologies are crucial in
current times. Companies should optimize their investment to
keep the digital transformation short in time and costs. Previous
studies showcased that having a strong managerial culture or us-
ing specific managerial practices can strongly affect this. These
outcomes were very general and at an exploratory level. With
this study, we wanted to highlight the most relevant practices that
allow firms to create an eased environment where companies
can face fewer barriers while transforming digitally. The find-
ings section showed the possible interactions between LPs and
Industry 4.0 barriers by highlighting the potential relationships
and showcasing the practices that can lower the presence and
the impact of the Industry 4.0 implementation barriers. To better
understand what has been obtained and position these outcomes
in the literature, it is necessary to assume two different points
of view, focusing first on the practices, presenting which LPs
are the most powerful to reduce the Industry 4.0 barriers, and
then on the barriers, deriving which and to which extent can be
slaughtered through the adoption of some LPs. Starting from the
practices, it was discovered that the LPs that can mostly support
the reduction of the Industry 4.0 barriers are Kanban or pull
system, leveled scheduling or Heijunka, consignment stock, and,
to a lesser extent, open-minded and in-depth market research
conducted jointly, and value chain analysis or VSM. Most of
these practices belong to the EWCI bundle and, in general, have
a high-level managerial orientation that allows them to have
a larger spectrum of influence with respect to more operative
practices. Assuming now the perspective of the barriers, it was
found that lack of planning skills and activities, lack of financial
resources and difficulty of coordination across organizational
units are the barriers that can be most easily slaughtered through
implementing some LPs. Instead, other obstacles require im-
plementing specific LPs and punctual actions to be reduced.
Then, it is worth evidence that lack of management commitment
and leadership, concerns about cybersecurity, and the need for
a flexible interface to synchronize different languages cannot
be reduced or reduced by applying any LP. For instance, the
cybersecurity concern represents a problem by itself, so it cannot
benefit from implementing any LP, but the related Industry 4.0
practice can address it. For the need for a flexible interface to
synchronize different languages, Lean cannot help since this
problem can be tackled through technological improvements.
Lack of management commitment and leadership can be faced
easily by using practices related to other bundles, such as the
TMC or by establishing a strong Lean culture in the firm. Thus,
this study confirms Lean’s fundamental role in guiding the firms’
digital transformation [14]. Particularly, it demonstrates how it
can help reduce barriers and drive companies to a smoother
implementation of digital technologies [7]. Further, this is even

more relevant for companies seeking to advance toward Industry
5.0 [22]. On the track to human-centric digitalization, companies
should promote technologies which foster an enhancement of
social conditions [23] and put the workers at the center of the
technology implementation [22]. In this sense, Lean can have
a pivotal role and contribute to successfully driving companies
throughout this path.

A. Theoretical Implications

Considering the research objective of this article, this article
advances the current knowledge regarding Lean and Industry
4.0 [107], particularly those indicating a facilitating effect of
LPs toward Industry 4.0 [14]. The findings can be properly
located in this stream of literature, particularly contributing to
the discussion pointed out by other authors [7], [28]. Accord-
ingly, the authors have provided academicians with an analytical
framework based on a robust procedure that can determine the
relation between these two paradigms. Moreover, each relation-
ship that exists between these two paradigms and the detailed
explanation of these connections can be further analyzed by aca-
demicians. The insights provided by this article provide for the
first time a detailed overview of the LPs that foremost contribute
to the Industry 4.0 barriers break-down; indeed, the existing
research [7], [21], [24], [28], [108], and [109] just highlighted the
facilitating effect of Lean towards Industry 4.0 implementation,
without relating the effect on the barriers. This article enhances
the related state of the art, which mainly focuses on this effect,
considering a very aggregated and holistic view of Lean. Even
though other authors pointed out this effect, only some of them
tried to deeply investigate this and relate specific aspects of Lean
with specific elements of Industry 4.0 [110]. For instance, Ciano
et al. [26] considered the relationship between practices and
technologies but from a qualitative perspective without explicitly
stating which were the most prominent relationships. Others
instead had a very narrow view of implementation cases, where a
detailed description of how a single practice was used to facilitate
the implementation of a specific technology. Thanks to using the
IRP methodology, we pointed out the relationship using a wide
range of practices and barriers and added a more quantitative
component. Also, to the best of the authors’ knowledge, no one
before related specific LPs with Industry 4.0 barriers. From a
more holistic perspective, this study brings another element to
the change-management debate on how companies can facilitate
the implementation of digital technologies and how they can ad-
dress the dramatic changes that digitalization as a phenomenon
is bringing. On top of contributing to the ongoing discussion on
these two topics, this research can be considered a starting point
for other researchers. For instance, other research can be done
to confirm empirically the experts’ opinions represented here.
Also, extensions to different practices and barriers can be done
following the example provided here.

B. Practical Implications

Aside from the theoretical contributions, this work is not ex-
empt from practical contributions. Given Lean’s positive effect
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on implementing Industry 4.0 technologies, this study provides
further information. There are better environments for technol-
ogy implementation than inefficient and nonstandardized pro-
duction processes. However, only some of the LPs can provide
the same barrier reduction benefits. This article outlines which
practices are the most suitable to face and cope with the selected
barriers and guides managers, practitioners, and companies in
this direction. Each company could face different barriers; thus,
this article ranks the most relevant practices and their impact on
specific barriers, if any.

VI. CONCLUSION

Prior research in the literature has demonstrated how LPs can
facilitate the implementation of Industry 4.0 technologies. How-
ever, there is a notable gap in the existing research, as it has yet to
delve deeply into this subject, limiting our current understanding
of this phenomenon. To fill this gap, our study set out to provide a
more comprehensive perspective on the interplay between these
practices and the barriers. To achieve this, the authors of this
study carefully selected a specific set of practices and barriers.
Through the IRP methodology, we examined the connections
between Lean principles and the Industry 4.0 paradigm. This
approach allowed us to move beyond the fragmented view pre-
sented in previous research, which had explored these concepts
from an aggregate and high-level viewpoint and instead provided
a detailed account of how these practices directly influence
the barriers. Our findings revealed that companies aiming to
mitigate the barriers they face in adopting Industry 4.0 should
prioritize the proper implementation of certain LPs, particularly
those focused on waste reduction and continuous improvement.
Specifically, practices such as Kanban or the pull system (P9),
leveled scheduling or Heijunka (P10), and consignment stock
(P11) were found to be effective in this regard. Conversely, most
LPs related to LOM bundles exhibited a negative net dominance,
suggesting that they should not be the primary focus when
seeking to alleviate barriers to Industry 4.0 implementation. This
research contributes significantly to the discourse surrounding
the drivers of Lean and Industry 4.0, particularly by emphasizing
the importance of specific practices in overcoming particular
barriers. Our findings highlight the varied relationships between
these practices and barriers, enriching the understanding of this
phenomenon.

A. Limitations

Considering the interrelations between Lean and Industry 4.0
obtained from the framework analyzed in detail, the discussed
results have enhanced the knowledge in this field regarding
theoretical and practical implications, as mentioned above. Nev-
ertheless, this article is not exempt from limitations, as any other
research. First, given the huge number of variables, both barriers
and practices, considered in the analyses developed, the results
may suffer from biases due to the computational limitations
of IRP methodology. Despite this, the extensive set of factors
has allowed the authors to achieve relevant outcomes, giving
future readers the starting point for further research in this field.

Starting from this robust and structured research, different crite-
ria to select fewer variables could be applied. On the other hand,
other practices and barriers the authors did not select could have
an interaction not investigated here; thus, this could represent an
additional limitation. In addition, the quality and the reliability of
the results obtained are affected by several aspects. Furthermore,
the IRP methodology heavily relies on experts’ opinions and
not on field application. Thus, there could be a bias due to
the respondents’ personal opinions. Nevertheless, the authors
have ensured great content validity, given the variety of ex-
perts. The model validation through other methodologies could
further extend this work. Finally, the thresholds identified for
applying the IRP techniques have been decided by the authors,
who have discussed them with experts. Given the arbitrariness
of the threshold, different limits may bring slightly different
results.

B. Future Research

Given the novelty of the findings, this piece of work could
be considered a preliminary analysis for further advanced re-
search regarding the relationships between Lean and Industry
4.0. Therefore, the authors have identified several improvements
for future complementary studies. Similar studies should be
implemented to validate the results obtained, adopting the same
methodology or adding similar ones, such as Decision-Making
Trial and Evaluation Laboratory (DEMATEL) [6], [111] or
ISM [112], [113]. Since these three methodologies heavily rely
on the experts’ opinions, the results could be validated or denied
with a different cluster of experts. Indeed, with proper validation,
the reliability of results obtained through specific methodologies
is enhanced. In addition, to increase the knowledge in the liter-
ature, relevant results could be obtained considering only firms
currently applying LPs and want to start the journey with Indus-
try 4.0. In this scenario, a case study could be developed to un-
derstand the practical implications of applying both paradigms
and validate the theoretical results obtained. Starting from the
variables identified through the literature review performed here,
the same analysis can be performed again, considering different
clusters of variables. Indeed, the authors have adopted a specific
criterion for selecting barriers, but several other criteria could be
applied; thus, other barriers could be considered. Regarding the
selection of LPs, future researchers could focus their attention
on the more strategic bundles—CSRM and TMC—rather than
the operative ones—LOM and EWCI, to understand whether
the results could slightly or heavily change. According to these
suggestions, it would be possible to compare the results obtained
in this research. Another possible future step can involve the
application of the framework of analysis developed here on spe-
cific situations, i.e., considering a particular industry, company
size or geographical location. Indeed, considering an small and
medium-sized enterprise (SME) or a large enterprise could bring
different outcomes in adopting LPs and Industry 4.0. Finally, due
to the novelty of the topic and the significant importance that this
argument is achieving nowadays, these types of analysis would
need to be replicated after a few years since new technologies
and barriers could arise.
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APPENDIX A
MATRIX USED TO COLLECT EXPERTS’ OPINION

APPENDIX B
CROSS-INTERACTION MATRIX WITHOUT THRESHOLD
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APPENDIX C
IRP RESULTS SUMMARY WITH 0,6 THRESHOLD

APPENDIX D
DOMINANCE GRAPHS
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