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Abstract: The competitiveness of companies in emerging countries implies many European countries
must transform their production systems to be more efficient. Indeed, the new context created by
the COVID-19 pandemic increases the necessity of digital transformation and focuses attention on
its limited uptake by manufacturing companies. In France, the Industry 4.0 concepts are already
implemented in large companies. Despite the demonstration and validation of their benefits, SMEs
are reluctant to move towards implementation. This problem of SME performance improvement
increases with the current geopolitical situation in Europe (raw materials and gasoil cost). It is thus
urgent and paramount to find a better solution for encouraging SMEs in their transformation. Taking
note of the brakes on uptake of Industry 4.0 concepts in SMEs, the objectives of this paper are to
find levers to accelerate implementation of Industry 4.0 concepts in SMEs, through the development
and the deployment of a sustainable Industry 4.0 methodology, and to develop an intelligent system
for supporting companies’ digital transformation in order to improve their performance. After a
literature review, focused on Industry 4.0 concepts, theory of systems, organizational methods, and
artificial intelligence, a sustainable methodology will be presented. The SME performance model
that has been elaborated will then be shown and the structure of the intelligent system (mainly
the decision aided tool) being developed for supporting the digital transformation of SMEs will be
described. An illustrative example relating to a food elaboration SME will be presented for validating
the concepts that have been developed. The proposed framework helped the company to formulate
guidelines and transition towards a sustainable 4.0 company.

Keywords: Industry 4.0; sustainability; SMEs; digitalization; artificial intelligence

1. Introduction

The implementation of Industry 4.0 concepts has emerged in response to the need of
protean demands. After mass production and just-in-time production, mass customiza-
tion [1] has put incentives for companies to evolve towards more flexible organizations.
Thus, new methodologies such as Smart Manufacturing [2] provide solutions to implement
flexible means of production while minimizing wastes.

Large companies in Europe have already integrated these Industry 4.0 concepts in
their digital transformations. These changes allow them to quickly and efficiently adapt
themselves to internal and external events, by exploiting new technologies in the new products
and business model innovations. Indeed, these Industry 4.0 methodologies serve large
companies to improve their performance, to reduce their waste, as well as to enhance customer
experience [3]. Indeed, digital transformation is used in this case as a manufacturing paradigm
adapted to customer personalized demand elaboration [4]. Industry 4.0 concepts involve the
use of reconfigurable and interoperable tools to increase the flexibility of a workshop or a
production line and improve demand forecasting and flow traceability [5]. In addition, the
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COVID-19 pandemic increases the necessity to implement digital solutions to deal rapidly
with massive and unstable flows of demands [6] and to be competitive.

Despite the benefits of Industry 4.0 concept implementation in companies, SMEs
are not willing to transform their production system through this investment in new
technologies. Examples of the brakes on digitalization include the cost of new technologies,
the lack of information on their advantages, the fear of operators to lose their job and the
lack of knowledge on new technologies. Indeed, social, societal and environmental aspects
have to be taken into account in the SME performance improvement. Hence, the use of
digital transformation concepts requires the integration of the previous aspects in terms of
sustainability as the main dimension to exploit for SMEs.

The objectives are clearly to find levers for accelerating Industry 4.0 implementation
in SMEs, to define a sustainable methodology for transforming them digitally, and to
develop an intelligent system that will support the company’s digital transformation and
manage decisional and informational flows. This paper aims to discuss about how brakes
of SME digital transformation can be identified and how to integrate the most efficient and
sustainable changes in companies to enable them to stay competitive.

After a literature review on Industry 4.0 concepts, theory of systems and organizational
methods, a sustainable methodology and framework for digital transformation with an
intelligent decision-aided tool will be presented. An illustrative example on a food cooking
company will be examined to test the concepts through use of an actual case.

2. Literature Review

As explained in the introduction, despite demonstrations of efficiency in big com-
panies, SMEs, especially in France, barely implement Industry 4.0 concepts [7] in their
organizations due to lack of control and flexibility on internal and external factors. This
section aims to show some of the concepts that can be integrated and how they can address
sustainable issues with the right methodology.

2.1. The Company as a System to Design

Companies can be described as systems with various behaviors, structures and func-
tions (FBS). FBS diagrams [8,9] show hierarchical relations between functions and behaviors
with views. For example, it is essential for manufacturing companies to have a design
function for product innovation as well as a method function that describes and optimizes
manufacturing processes. In addition, companies need to implement an economic function
for defining the business model. The structures developed in response to the functional
requirements are parameterized.

Thus, a theoretical framework [10] can be applied to companies’ systems to describe the
relation between functional requirements (FR), design parameters (DP) and process variables:

[FR] = [A][DP]
[DP] = [B][PV]

(1)

where [A] is a matrix characterizing the system design as a product and [B] a matrix that
characterizes the process design. Such a framework emphasizes the fact that choices made
on design parameters (resp. process variables) can affect multiple functional requirements
(resp. design parameters). This provides a tool to estimate an optimal design solution prior
to testing a set of given options which would traditionally be done with empirical methods.

On a structural level [11], the company system is described as a set of 3 sub-systems
interacting with each other as presented in [7] and in GRAI methodology (see Figure 1).
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Alongside internal specifications, companies must be described as open systems. In
fact, internal specifications of the organizations come in response to external pressures that
define an industrial context. PESTEL (Political, Economic, Socio-Cultural, Technological,
Environmental, Legal) analysis is used to describe and classify external factors influencing
companies’ organizational incentives and expected performance. Together with a SWOT
(Strengths, Weaknesses, Opportunities, Threats) matrix, it gives a basis to describe general
relations between internal and external factors. However, just a general overview and
classification of external and internal factors does not come with specifications on how to
interpret it in a decision-making process. [12] proposes a multi-criteria decision-making
model for PESTEL analysis based on analytic hierarchy and network processes.

Especially during the COVID-19 pandemic, the political and economic context radically
shook up some of the brakes that companies were facing for digital transformation. While [13]
exposed that the lack of urgency was the main reason why companies would not make their
transition towards Industry 4.0 in 2014, constraints brought by social distancing and decreased
availability of resources lead to deep questioning of business models and organizations.

For example, [6] shows that social distancing encouraged traditional businesses such
as book publishing companies or restaurants to develop digitalized services, with online
bookshops and food delivery, respectively. [14] presents a product innovation driven recov-
ery strategy for SMEs based on Lean Manufacturing, DMAIC (Define, Measure, Analyze,
Improve and Control) and Design of Experiments. [15] shows how digital technologies can
improve organizational resilience [16] to disruptive changes.

This game changer has highlighted other constraints to digital transformation that
have yet to be overcome, especially for SMEs. In particular, funding issues and limitations
of IT systems require solutions to bring maximum operational efficiency and high flexibility
in manufacturing processes in order to become viable. Unclear roles and responsibilities,
lack of vision, lack of internal communication between departments and lack of leadership
skills need to be solved with a sustainable methodological framework. Furthermore,
problems related to cultural reluctance and acceptability of digital technologies as well as
management of energy consumption and ecological impact need to be addressed.

Finally, as shown by [13], companies fail to set the right key performance indicators
for digital transformation despite knowing their importance for managing the changes. In
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order to address sustainability issues within the organization, clear links between economic,
social, societal, environmental incentives and industrial performance should be developed.

2.2. Organizational Methodologies

Methodologies provide structured and standardized tools to measure and optimize indus-
trial performance. Industrial performance is defined by a set of performance criteria charac-
terizing operational excellence that can be evaluated in a performance measurement system
(PMS) [17] to manage continuous improvement. Operational excellence is based on the imple-
mentation of several management methods for quality, costs and delays, and now also integrates
sustainability criteria such as energy consumption or overall environmental impact.

GRAI methodology describes a way to model and design management systems in order
to ensure that improvement of industrial performance is driven according to the company’s
strategy [18]. Based on the approach proposed by Le Moigne, it allows companies to define
decisional systems on strategic, tactical and operational levels. Thus, combined with lean
manufacturing, DMAIC and design of experiments it can drive operational excellence within
a global management system that integrates a performance measurement system (PMS).

Indeed, methodologies such as lean manufacturing are implemented to manage con-
tinuous improvement with several concepts:

(1) Just-in-time philosophy [19] with theory of constraints [20], Single Minute Exchange
of Die (SMED) and Kanban tools and contributing to reorganize the production
processes based on customer demand and reducing wastes.

(2) Total Production Management (TPM) and Total Quality Management (TQM) [21] with
Jidoka, five zeros tool, and waste reduction (7 mudas).

(3) KAIZEN [12] for constantly reducing wastes on a production line, as well as to
perpetuate the solutions.

(4) Tools such as 5 WHYs, Ishikawa Diagram used for risk management.

Alongside lean manufacturing, DMAIC is used with 6-sigmas for improving quality per-
formance of processes [22]. Six sigma is a measurement method based on frequentist analysis
of manufacturing quality to reduce production of scrap in manufacturing processes [23].

The company transformation requires the integration of real time data and the defini-
tion of actions that will take into account this data. A method is then needed to develop,
experiment with and implement right decisions for transforming the company has to be
implemented. Design of experiment (DOE) appears as one way that could be used in
this case. DOE is presented in [24] as a “structured and organized method to determine
relationships between variables that influence a process with the output of that process”.
Based on experimental data, this method aims to obtain the best results by limiting the
number of required observations [25]. The method can easily be combined with artificial
intelligence tools for finding the best expected results.

Nowadays, with the use of digital technologies, new methodologies, extending the
concepts described above, bring both disruptive changes and new capabilities in the
organization of the manufacturing process. Indeed, with a focus on interoperability and
reconfigurability of production means, Smart Manufacturing [2] transforms the production
line to increase flexibility while keeping high operational excellence. For example, in a
SMED approach, quick tool changers can be used to flexibilize robotic workstations [26].

As explained before, management of continuous improvement can only make sense
with the implementation of the right performance measurement system. Key performance
indicators need to be designed in order to synthesize data from the information system and
highlight levers of actions in an interpretable manner.

For example, in terms of quality and costs, Overall Equipment Effectiveness (OEE) [27]
can be used to sum up wastes due to unavailability of suitable means of production, lack of
efficiency or loss of quality.
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2.3. Sustainability Evaluation Models

The most used definition of sustainability in the literature is the “development to
ensure that it meets the needs of the present without compromising the ability of future
generations to meet their own needs” [28]. Sustainability is defined as a combination
of social, societal and environmental aspects in the industrial digital transformation [29].
Instead of using only the Industry 4.0 concepts presented previously in the transformation,
the focus is made on their combination with sustainable aspects. For instance, as explained
in [30], cyber-physical systems (CPSs) contribute to enhance the collaborative and cognitive
aspects in the decision-making process and are used to increase companies’ profitability
and productivity by neglecting social aspects. The focus on sustainability during the
implementation of Industry 4.0 concepts in companies has been validated by the European
Commission as Industry 5.0 [31]. In [32], based on sustainability awareness, the total
value of products, processes and systems has been described as a combination of various
metrics such as quality, service, social sustainability, cost, lead time and ecological footprint
during the product life cycle. As explained in [32], the system of sustainable manufacturing
transformation includes the use of three axes:

• The economic sustainability supported by the use of lean and six sigma tools [33],
• The ecological sustainability exploiting the 6Rs [34–36],
• The social sustainability achieved by using seven core subjects [37], issues of ISO 26000

and corporate social responsibility [38,39].

The premier position in the use of sustainability in companies relates to company
performance. Sustainability is defined as “the creation of manufactured products that uses
processes that minimize negative environmental impacts, conserve energy and natural
resources, are safe for employees, communities and consumers, and are economically
sound” [40]. Indeed, the main expectations of companies that are to be profitable and com-
petitive could be respected by taking into account social and environmental dimensions.
Sustainability is also considered as the expression of social and environmental expectations.
In [41], sustainability has been defined as “the search for equitably distributed social well-
being within the ecological limits of the planet”. In this case the objective is not necessary to
be competitive but to express the high desire to protect the planet and people’s well-being.
In [42], a structural model has been exposed, focusing on sustainability in manufacturing
as practices, outcomes, and competitiveness (as an advantage due to the sustainability
in manufacturing), exploiting internal sustainability practices (waste reduction, pollution
prevention, etc.) as much as external sustainability practices (supplier collaboration and
supplier monitoring), and outcomes such as regulatory performance, environmental per-
formance and manufacturing performance. Sustainability can also improve by using the
6Rs approach [43]:

• Reduce (energy, materials and other resources)
• Reuse (end-of-life products and components in subsequent life cycles)
• Recycle (conversion of waste materials into materials)
• Redesign (recovered materials, components and resources for redesigning next gener-

ation products)
• Recover (collection of products at the end of the use stage)
• Remanufacture (reprocessing of products that had already been used for restoration to

a like-new condition)

The link with sustainable manufacturing is clear. For [44], sustainable manufacturing
focuses solely on manufacturing while the circular economy is “a business model focusing
on the entire economy” (applicable to many sectors and domains such as fashion, food,
cities, regulations, manufacturing, etc.).

The performance measurement is organized around the Triple Bottom Line (TBL)
which corresponds to environmental, social and economic criteria [45]. In [46], sustain-
ability is assessed through the TBL framework. Social sustainability involves equitable
inclusion of human resources [47,48]. Environmental sustainability implies the preserva-
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tion and survival of the ecological system [47]. Economic sustainability corresponds to
an economic ability to consistently maintain a respectable level of increasing domestic
productivity over a long period [49]. Other tools have also been developed and used for
sustainable manufacturing performance measurement such as Analytic Hierarchic Process
or lifecycle assessment [50,51]. In [52], 7 factors and 67 variables have been defined and
studied for measuring sustainable manufacturing of electric vehicles in India. These factors
(technological, social, cultural, economic, political, geographical and environmental) could
contribute to measurement of SMEs digital transformation.

Based on these different evaluation tools, this paper will contribute to defining adapted
sustainable performance indicators for ensuring the digital transformation of SMEs by
using lean manufacturing methodologies and Industry 4.0 concepts. The framework
developed by [53] including a combination of Industry 4.0 Technologies, process integration
sustainable outcomes and Industry 4.0 principles will be exploited in the elaboration of the
new hybrid sustainable methodology for SME transformation.

2.4. Sustainable Standards and Corporate Social Responsibility

Numerous normative and standard frameworks have been elaborated for aiding
companies in their transformation and ensuring their processes, system and product
quality for their customers. In this frame, ISO14000 [54] and ISO 26000 [55] could be used.

ISO14000 accreditation requires a certification procedure for the company. This is
why it is important to learn about the six pillars of the environmental management system
imposed by the ISO 14401 standard.

These are the intention to carry out an environmental policy, to plan production
according to ecological criteria, the implementation and conduct of the activity, the follow-
up and the rectifications made in the event of non-compliance, the assessment of the actions
carried out and finally the progressive improvements.

To be ISO 14001 certified is to prove that you have implemented a continuous im-
provement process with a view to reducing all the company’s environmental impacts in
the short, medium and long term by:

• Protecting the environment by eliminating or mitigating significant environmental
impacts,

• Limiting the potential negative effect of the environment on the body,
• Strengthening environmental performance,
• Controlling or influencing how the organization’s products and services are designed,

manufactured, distributed, consumed, and disposed of by adopting a life cycle per-
spective,

• Realizing financial and operational benefits that can result from the implementation of
environmentally friendly alternatives,

• Communicating environmental information to relevant interested parties.

ISO 26000 presents guidelines for any type of organization seeking to take respon-
sibility for the impacts of its decisions and activities. It defines social responsibility as
“responsibility of an organization for the impacts of its decisions and activities on society
and the environment, resulting in transparent and ethical behavior that:

• Contributes to sustainable development including the health of individuals and the
well-being of society;

• Takes into account the expectations of stakeholders;
• Complies with applicable laws and is compatible with international standards;
• Is integrated throughout the organization and implemented in its relationships”.

To define the scope of their corporate social responsibility, the ISO 26000 standard
invites organizations to articulate their approach around seven central questions: the
governance of the organization, human rights, working relationships and conditions, the
environment, fair practices, consumer issues, communities and local development. These
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central questions aim to identify the relevant fields of action on which the organization will
be able to base itself to set its priorities and implement its own actions.

In the end, ISO norms can often be set, especially by European authorities, as frameworks
that ensure respect of political directives and recommendations. Thus, the political paradigm
gives incentives to shift organizations towards models of sustainability (see Table 1).

Table 1. Overview of sustainable and organizational issues addressed by ISO management frame-
works and some of their incentives in France.

Framework Sustainable Issue Incentives

ISO 9001 Quality European Declaration of
Conformity [56]

ISO 14001 Environmental impact LTECV 1 [57], SNBC 2 [58]

ISO 26000 Corporate Social
Responsibility (CSR)

French CSR Platform
recommendations [59]

ISO 45001 Health and Safety Machine directive [60]
ISO 50001 Energy management SNBC 2 [58], Tertiary decree [61]

1 Loi de Transition Energétique pour la Croissance Verte (Energy Transition Law for Green Growth), 2 Stratégie
Nationale Bas-Carbone (National Low-Carbon Strategy).

Selecting the best options to improve overall industrial performance of a company
is a multiple attribute decision making (MADM) problem [62,63] exposes a way to ag-
gregate criteria for monitoring overall industrial performance with the Choquet integral
aggregation method.

On the other hand, evaluating the weights of each criterion in the decision-making
process is very likely to depend on the industrial context. For example, factors including
evolutions and differences between external pressures (threats, opportunities) or differences
between internal capabilities and individual preferences can justify different weights. Thus,
tools such as the analytic hierarchy process [64] and analytic network process [65] can help
estimate weights of the criteria in the decision-making process, given an industrial context.

2.5. Digital Transformation with Industry 4.0 Concepts

It is usually considered that Industry 4.0 concepts are built on at least 9 pillars [29],
notably Augmented Reality, Big Data and Analytics, Autonomous robots, Digital Twin
and Simulation, Horizontal and Vertical Software integration, Industrial Internet of Things,
Cybersecurity, Cloud and Additive Manufacturing.

Based on those concepts, companies can develop solutions to make their digital
transformation. As noted in [3], digitalization needs to occur as a strategic response to
disruptive changes in consumers’ behaviors or expectations, competitive landscape or
availability of data, in order to be considered as transformational. Furthermore, [3] shows
that, while focusing on short to medium term impacts of the use of digital technologies
on organizational performance and operational efficiency, long term issues should also be
taken into account.

These Industry 4.0 concepts contribute to the company’s performance transformation.
However, they are not used in all companies. The following discussion focuses on how to
increase its use, mainly in SMEs.

3. Concepts and Methodology

Industry 4.0 concepts are easily and mainly implemented in large companies. Many
brakes are noticed for their deployment into SMEs, such as the employees’ education,
the price, the fate of employees to be replaced by robots (unemployment), the artificial
intelligence acceptability, etc. This paper presents a sustainable methodology for SME
digital transformation. This methodology is based on:

• The definition of a sustainable framework and a general approach for improving the
SME performance,
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• The definition of an SME performance measurement structure for following the com-
pany’s continuous transformation results,

• The elaboration of an intelligent system for supporting the SME digital transformation.

The following sections present each of these concepts.

3.1. Sustainable Framework for Industry 4.0 Implementation in SMEs

The sustainable framework (Figure 2) has been developed for finding the specific
brakes associated to each company and proposing levers that will allow increase in the
company performance through its digital transformation [66]. Indeed, this methodology de-
fines sustainability as the kernel of the company digital transformation. New technologies
and organizational tools, in addition to flexibility and needed changes must be combined
according to sustainability to increase the company performance. These parameters are
used during the transformation for satisfying the company expectations and attaining the
Industry 4.0 concepts and objectives. The framework is composed of four methods that are
used for realizing the company transformation: lean manufacturing methodology, Design
of Experiment, DMAIC method and GRAI methodology. These methods (organizational
methodologies) are combined for defining the transformation approach and tools to use
for company improvement. Three axes of transformation have been defined for company
improvement through exploitation of Industry 4.0 concepts:

• The physical axis exploits the previous organizational methodologies transforming
physically the company’s processes.

• The decisional axis is based on theory of systems, general theory of design and the
GRAI methodology decisional formalism for structuring the company decisions. This
structuration relies on the link between employees, managers and the direction for the
company’s performance improvement.

• The informational axis defines the structuration of the new technologies and tools re-
quired in the company performance improvement through implementation of Industry
4.0 concepts.
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The framework has been elaborated by focusing on the company’s digital optimization
through the use and respect of sustainable expectations.

The general approach has been detailed in [29]. The approach describes each step of
the SME digital transformation by combining GRAI methodology and lean manufacturing
steps. The global approach associated with SME sustainable and digital transformation is
composed of five steps:

• The context acquisition that corresponds to the definition of the transformation objec-
tives, constraints, resources, etc., to arranging interviews allowing access to all data
and the capitalization of data that will be required during the transformation.

• The existing system modelling which includes the representation (functional view,
physical system, process view, informational system and decisional system) of the
company state by using appropriate formalisms. This step involves the definition of
the company digital twin on which all transformations could be tested, and the impact
of sustainability or digital tools could be evaluated.

• The existing system analysis that has been done with the exploitation of rules contained
in an intelligent system being developed for supporting the SME sustainable and
digital transformation. A dashboard containing the appropriate performance criteria
is used for measuring the state of the existing system.

• The design phase that involves propositions of improvement of the existing system by
exploiting and new design based on the sustainable and digital expectations. Tests
of solutions on the digital twin will allow identification of the best proposition for
transformation. The decision aided tool containing the dashboard will be used for
measuring the potential results of the transformation.

• The implementation phase that integrates directly the sustainability and digital changes
in the company. The dashboard will be used for measuring the impact of these changes
on the company.

Indeed, the sustainability and digital transformation in SMEs implies the use of
continuous improvement philosophy and the definition of steps corresponding to the
capability of each company and the objectives that have been defined strategically by the
company managers. The performance measurement is important to know the real effect of
sustainability and digitalization during the company transformation.

3.2. SME Performance Measurement

The framework presented above has been elaborated with sustainability as the kernel
of the SME digital transformation. This specificity involves the measure of sustainability
in addition to classical production manufacturing performance measures. The digital
maturity of the company’s existing system has also to be measured. This maturity has
been called the modernization degree in the SME performance measurement structure
that will be elaborated (Figure 3). The sustainable digital transformation implies changes
through the three axes (decisional, physical, and digital and smart) of the framework. The
structure elaborated for measuring the SME performance is based on five main criteria:
environmental, social and societal, economic, modernization and 6Rs exploitation.
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Figure 4. Sustainable Industry 4.0 performance measurement model.

For the environmental criterion, the sub-criteria that have been defined for the perfor-
mance measurement are:

• Waste:focusing on quantity of waste produced, quantity of waste recovered, and type of
waste and quantity as waste performance parameters,
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• Air: involving air quality, emissions of greenhouse gases or volatile organic com-
pounds (VOCs), carbon footprint calculation and noise pollution—decibel meter as
air parameters,

• Water: with water consumption as water parameter,
• Energy: including energy consumption and distribution of energies (green, fossil,

recovery, etc.) as energy parameters,
• Environmental management: used for obtaining certification, carrying out balance

sheets, exploiting eco-design of products, and providing environmental education to
employees as environmental management parameters.

• The social/societal criterion has been divided in the following sub-criteria:
• Health at work including absenteeism, number of accidents occurring in a given period,

morbidity, % of workforce with a disability, % men-women as health at work parameters,
• Well-being at work involving the working environment (adaptation of the workspace

and allocated resources, clear idea of the entrusted mission, solidarity of employees,
and balance between professional and personal life), attention (consideration of the
hierarchy and support for skills development), emotion (pleasure in coming to work,
perceived interest in the work, stimulating environment, and confidence in one’s
future within the company), and realization of a satisfaction/well-being questionnaire
on a periodic basis as well-being atwork parameters,

• Transport focusing on average work/home distance of employees and modes of
transport used/Use of carpooling by geographical area as transport parameters.

The sub-criteria required for managing the production system global performance in
addition to cost, quality and lead time are:

• Number of pieces produced (total/daily,...)
• Machinery in operation
• Hours worked/operating
• Chart position versus goals
• Overview of the situation of the sensors (home automation, M/A)
• Overview of the production situation (e.g., cb of parts in stock/in the process of being

manufactured/in packaging/dispatched)
• Indication of product quality/number of defectives/customer delivery times/economic

information
• Inventory tracking (components, raw materials)
• Project forecast/of the week

The collection, treatment and analysis of data of the company that would be exploited
for the transformation need the development of an intelligent system for supporting
the sustainability and digital transformation. The diversity and specificity of criteria
and measures that would be exploiting during the company transformation require the
elaboration of a decision aided tool for supporting the SMEs’ performance measurement
and suggesting potential decisions and their impact to the company managers.

3.3. Decision-Aided Tool for SMEs

The decision aided tool being developed is based on the performance criteria pre-
sented above and corresponds to a module of the intelligent system that will support the
transformation. The part presents the architecture of this decision aided system (Figure 5).

The architecture contains modules which are used for managing the performance
measurement and the decision that the managers would take on the SME sustainable and
digital transformation:

• The HMI web application is used for managing relations between the decision aided
tool and the user that is transforming the company. It aims at giving the managers the
possibility to easily change their companies.

• The performance measurement module is composed of a database containing parame-
ters that have been defined for measuring the company performance and storing data
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from the company, a calculator for finding the results fitted to data to exploit, and an
evaluator that will present the results and compare them to other results. This module
is linked to the intelligent system through the new technologies data converters.

• The coordination module ensures the management of the performance measurement
but also the decision taken process by extracting or imputing data that are required.
It is composed of input, results and reference models data bases which are used for
considering the company data, proposing generic data corresponding to an activity
domain expectation, and presenting results to the company.

• The capitalization module contains old cases that could be used for proposing new
transformations to the company. This module exploits Case Based-Reasoning for
finding cases that are similar to the company transformation expectation and for
proposing their results as potential solutions.

• The learning and expert systems module is destined to analyze the company mod-
els in order to find inconsistencies and propose solutions to improve the company
performance. Rules have been defined by exploiting expert knowledge. The expert
knowledge could be compared to theoretic models according to the model in the rule
elaboration. A fact base will be exploited, and an inference motor will contribute to
the analysis of the company and the presentation to managers.

• The problem solver is an optimization module and is used for defining the problem
to solve and finding solutions. It is composed of classical optimization tools but also
solutions based on artificial intelligence algorithms such as deep learning, machine
learning, etc. This module helps define the suggestions that will be presented to the
managers and their impacts.
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This decision aided tool highly linked with the intelligent system supporting the
SME sustainable and digital transformation represents an important tool for making the
company transformation a success because of the necessity to measure at each step, the
state of the company and to propose solutions for transforming the company.

The sustainability methodology presented above corresponds to the validation of
Industry 4.0 concepts as a tool for transforming digitally companies and improving their
performance. But it also integrates conditions such as sustainability for ensuring acceptance
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of Industry 4.0 concepts by SMEs. The next step is the research-action phase, for validating
the concepts through experimentation in SMEs.

4. Illustration on a Food Production Manufacturing

This part aims to present how the concepts elaborated on SME sustainable Industry
4.0 can be exploited for transforming companies. The concepts can be used for companies
of all activity domains.

4.1. The Company Context

The company M. is a French SME specialized in industrial cooking food elaboration.
The study data has been obtained by collaborating with the company for its transformation.
This company has about 75 employees working on two sites and its turnover in 2020 was
about 13.8 M€. The production processes are organized in pulled flow. The company had
started reorganizing its manufacturing by introducing just in time concepts. The company
problem is simple. The delivery date is conditioned by the product consumption date. Food
distribution centers which represent their customers would like to obtain the products as
soon as possible in order to decrease the possibility of expiration. The raw materials (meats,
seasonings, oil, etc.) come from different European countries. The orders are dispatched
by the production management team according to the production lines availability, and
products are elaborated as soon as possible for respecting the delivery date. The scheduling
and the production times are about 5 days and the company forecasting covers 25 days. Raw
materials stock is calculated by integrating security stock and forecasting. The difference
between forecasts and sales is about 10%. The raw materials that have not been used are
considered as waste and the obsolescence rate is about 2%.

4.2. The Existing System Modeling

For the existing model, the elaborated framework has been exploited by defining
models that are required for the sustainable digital transformation including the physical
system (all processes), the decisional system, the informational system, the functional view
and the process view. The digital twin of the existing system has been elaborated. This
twin will give results of the sustainability and digital impact on the company performance.
The lean manufacturing method, combined with DOE, DMAIC and GRAI methodology,
has been deployed for precisely defining the company and measuring its performance. The
following figure (Figure 6) presents an example of performance measurement according to
the modernization degree criterion.

4.3. The Existing System Analysis

The rules defined in the expert system allow detection of the inconsistencies of the
M-company and discovery of weaknesses and strengths. The company would be trans-
formed digitally and sustainably for increasing its performance. The company’s actual
performance involves different parameters: the reduction of production and scheduling
times, the optimization of the raw materials performance, the machines performance opti-
mization (breakdowns, OEE (actually about 60%)), workforce optimization (arduousness,
absenteeism, flow perturbation, etc.), waste optimization, energy consumption reduction,
reduction of the loss rate (actually about 10%).

The performance measure tool has been exploited for presenting the measure of the
existing system and shows what has to be improved. The company according to the analysis
results decides to integrate clearly new technologies and sustainability in its processes.

Figures 7 and 8 present an example of results that have been measured by the decision
aided tool.
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4.4. The SME 4.0 Propositions

The propositions are based on the organizational, technological and sustainability
dimensions. A framework considering sustainability as the kernel of the future system has
been used and the results allow satisfaction of sustainability expectations in addition to the
implementation of new technologies and the improvement of the company’s classical per-
formance (cost, quality, lead time, etc.). The following propositions have been formulated
and are being implemented.
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4.4.1. Energetic Aspects

• Control the equipment with an On/Off system to limit the consumption heel.
• Use of Start and Stop system: In standby mode, with production lines stopped, the

majority of workshops consume between 50 and 70% of their peak power. The Start
and Stop system is a quick and economical solution to avoid this waste of energy.

• Use of connected objects and house automation to control all machines (ignition,
standby and shutdown), connected switches and presence detectors (for light), voice
control (to send cobots), air control environment (temperature and quality). Today all
this equipment is totally adapted for individuals, so it is easy for companies to use
the home automation universe and apply it to their operations, and thus control all
the premises.

Energy transition is now an essential component of industrial performance. With the
environmental factor weighing more heavily in the balance, it is important for the company
to consider cleaner energy solutions and limit its impact and reduce its carbon footprint.
The energy cost spent directly impacting the price of the product, it is essential to control
and measure its energy expenditure.

• Integrated Smart grid coupled with efficient storage technologies: power distribution
network that promotes the flow of information between suppliers and consumers in
order to adjust the power flow in real time and allow more efficient management of
the electric power network.

• Avoid oversizing of energy consuming systems, adapt the energy requirement to the
useful demand

• Energy recovery: machines used in industry often emit energy in the form of heat.
This energy destined to be wasted can be recovered by using it to heat the room in
question or other parts of the company such as offices.

• Use of an ORC (Organic Rankine Cycle) type system which uses/recovers waste heat
from industrial machines to transform it into electricity. This type of system is based
on the thermodynamic Rankine cycle, which uses organic fluids with a lower boiling
point.

• Targeted actions that are simple to implement (installation of variable speed drives,
search for leaks, installation of insulating mattresses, relamping, etc.). A variable
speed drive can analyze the operating points, propose the best choice of setting or
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even optimize its energy efficiency on its own. Characterization of useful energy flows,
based on the minimum energy required, for each stage of the process.

• Energy management thanks to an energy management system, energy management
of a production site, monitoring of energies and fluids, monitoring of the effectiveness
of action plans.

• Process behavior monitoring and comparative data analysis (big data approach).
Use the big data base to set up digital tools for regulating and anticipating energy
consumption based on machine learning and deep learning.

• Have buildings of high energy quality and using renewable energies

4.4.2. Green Energies

The geographical position of the company sites allows it to enjoy the sun all day on
the side facing the canal, thus taking advantage of the rays of the sun from 12 p.m. to 8 p.m.
In addition, the surrounding fields, the plains and the canals promote the circulation of air
and the latter can rush in, creating large currents of air moving towards the buildings of this
site. Thus, installing solar panels on the roofs, and wind turbines in open spaces, would
allow the building to use this green energy to supply sufficient energy to the machines of
the demonstrator.

4.4.3. Social Aspects

The social aspects involve actions on transport and packaging, e.g., to get closer to
neighboring companies, purchase of eco-responsible packages. Noise is also a problem
for people. The company has to minimize its noise impact for the well-being of operators
and the external environment. For this, it is possible to set up within the company a classic
sound level meter with digital display, or to use an application on a tablet or smartphone,
both able to measure and display the decibels in real time in the workspace.

Indeed, the effects of noise on the health of workers and residents should not be
overlooked. Often considered as the leading factor of nuisance at work, the INRS (National
Institute for Research and Safety) tells us that for a working day (8 h), hearing is considered
to be in danger from 80 dB (HAS). If the noise level is higher, the exposure must be of
shorter duration. If the level is extremely high (above 135 dB (A)), any exposure, even of
very short duration, is dangerous. The health effects can be multiple. With factory noises
starting at 80 dB, it is essential to pay attention to this parameter. The alert function of the
sound level meters presented below makes it possible to warn in the event of risks and to
apply individual protection (plugs, helmet) or collective (machine shutdown, insulating
partitions, etc.) protection measures:

• Assistance in the form of digital information (tablet, screen) on the stages of man-
ufacture, the follow-up of the production and the arrivals, etc., away from sources
of noise.

• Allowing the operator to have ergonomic tools (accessories, adapted chair) to improve
his working conditions.

In Industry 4.0, the happiness and well-being of the employee is a key part of the
success of this new industry. Employee expectations must be taken into account and
flexibility and inclusion are essential factors in this new way of working:

• Better balance between work and personal life.
• Remote working, decompartmentalization of time and place, growing importance of

mobile working.
• Integration of new technologies (IT, multimedia, cloud) and assistance systems; more

cooperation and interaction as well as regular alternation between the real and virtual
worlds of work.

• Removing the barriers of age and disability.
• Qualification/continuing education with more continuous qualification activities

based on new learning technologies, important development needs.
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• Increase partners’ involvment in the decisions that concern them, as they are often the
best able to provide relevant solutions to the problems they face.

The transport and the maintenance optimizations contribute to the social aspects
improvement:

• Minimize the distance from which materials and raw materials come.
• Adapt teleworking solutions to reduce the company’s impact on rush hour traffic, its

ecological impact, its time spent in transport.
• Favor and set up carpooling solutions between employees.
• Augmented reality and virtual reality are increasingly used for maintenance activities.

The operator no longer needs to go back and forth between the real situation and
the instructions to be followed. He is also completely free to move while performing
tasks and sees his cognitive load considerably reduced. The instructions are clearly
established so there is no more ambiguity during maintenance operations. This
facilitates training and makes it possible to quickly check the conformity of a system.

• Implementing collective and collaborative maintenance, by involving all the actors
of the production line, will aim to ensure predictive and preventive maintenance
throughout the line, which will aim to minimize the risk of major failure as much
as possible.

The different propositions are being implemented in the company and the results of
this transformation will be measurable and available in one year.

5. Discussion

The sustainable digital methodology presented is mainly focused on SMEs. The
advantage of this methodology is the integration of sustainability as the kernel of the
company digital transformation. Sustainability and modernization criteria have been
introduced in the company performance measurement, changing the old structure. The
illustration for a food cooking company shows positive results such as the validation of
the hybrid methodology integrating organizational methods, the efficiency of the SME
performance model, and the coherence of the decision aided tool contained in the intelligent
system being developed for supporting the methodology. However, this methodology has
only been tested for electronic cards companies [26] and food cooking industry such as the
M. company. The intelligent system has been used for acquiring the context of the company,
modelling the existing system, detecting inconsistences and points to improve, and defining
the best way to integrate sustainability as the kernel of the company’s digital transformation.
Recommendations have been implemented with success in the company and the next step
will be using the decision aided tool dashboard results for knowing the impacts of the
sustainable digital transformation on the company performance. This company will be
followed during one year and the global performance will be measured and conclusions
and adaptations validated. The realization of this step will allow definitive validation of
the methodology and its support, the intelligent tool. The deployment of the methodology
by focusing on sustainability contributes to the integration of common improvements in
companies such as the use of 6Rs methods, a better integration of ergonomics in production
systems transformation, the respect of safety and environmental norms. However, the
study of electronic cards and food cooking domains shows the presence of particular
constraints (related to domains) in the digital transformation of companies. For instance,
the food cooking activity domain is susceptible to scandals such as the Buitoni pizza
problem in France and Belgium, with a real impact on consumers, but also on the company
performance. In this case, the integration of automation, with robotics in place, would
increase safety and avoid the problem. The collaboration between humans and machines is
requires safety to be respected.

Even if the sustainable methodology and its intelligent tool could be used for trans-
forming all the SMEs, the limitations are that their positive impact on any SME requires
the integration of specific characteristics related to domains. Indeed, this methodology
has also been used with a great success on an electronic card SME. The detection of this
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company’s constraints was very simple because of its position as an aeronautics company
subcontractor. The introduction of sustainability in the digital transformation was enjoyed
by employees and managers of this company. The implementation of this new method-
ology with the support of the intelligent tool was also a success and the results of this
digital transformation are expected to the end this year (performance measurement at the
end of the year). Other sustainable digital transformation are ongoing in wood mobile
home, logistics, and veranda manufacturing domains. Their success will validate the initial
satisfaction with the efficiency of the methodology. Despite these positive signals, reference
models need to be developed for numerous activity domains to finalize the methodology’s
efficiency. The other modules of the intelligent system are being developed and will be
validated in the future.

6. Conclusions

Industry 4.0 concepts have demonstrated their positive impact on the company per-
formance improvement, but these concepts are not used sufficiently used in French SMEs.
The reasons are numerous despite the necessity of company transformation for being com-
petitive in the actual particular context. Indeed, the COVID pandemic and the geopolitical
situation in Europe in addition to the competition of companies from emerging countries,
create for SMEs a difficult economic situation that could not be overcome without a deep
transformation including the reduction of production and logistics costs, and also the
integration of a new societal, social and environmental philosophy. Requirements for
the circular economy and ecological transformation cannot be excluded from the SMEs’
performance improvement. This paper presents a SME sustainable digital transformation
methodology including the combination of lean manufacturing methodology with the
DMAIC method, DOE method and GRAI methodology. A framework that has been elabo-
rated for implementing the sustainable Industry 4.0 concepts is presented in this paper. The
architecture of the intelligent system supporting the methodology has been shown, and
a focus has been done on its decision aided tool. An example in a food cooking industry
has been presented for illustrating the concepts, formalisms and tools of the sustainable
digital methodology. The validation test on SMEs has to be continued in other domains for
adjusting the global approach. This paper has shown the positive impact of the sustainable
Industry 4.0 concepts on SME global performance. The main limitation is the need for
systematic adaptation to the activity domain for ensuring the success of the methodology.
Indeed, transformations have to be done in each domain for validating the concepts. The
collaboration with the food cooking company by integrating the sustainability criterion
involved participation of the company members and the company engagement in its pro-
cesses digital transformation. The integration of sustainability as an Industry 4.0 criterion
has been validated by the European Commission and called Industry 5.0. The final vali-
dation of the M. company performance improvement will be done in one year after the
global transformation.
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