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Abstract: The economic growth of developed or emerging countries through globalization has
prompted them to increase their supply chain performance. A large number of concepts, tools, and
methodologies have been proposed in support of this performance improvement. They are mainly
based on the use of classical optimization or enterprise modeling methods. However, environmental
and social issues, not to mention digital transformation, are often ignored or not sufficiently integrated.
Indeed, the world geopolitical situation, the increase in oil prices, and the commitment to protect our
earth require the integration of sustainability aspects and Industry 4.0 concepts like digital twin and
artificial intelligence in transforming the supply chain. This paper focuses on defining a conceptual
framework to support sustainable supply chain management and digital transformation. It aims
to exploit the sustainability and digital maturity of companies to transform their supply chains
and enhance their performance to meet the challenges of Industry 5.0. Several practices related to
sustainability, as well as two use cases on optimization and digital twin, are presented to illustrate
this framework. Finally, based on the previous practices and use cases, an adapted framework for the
supply chain manager to support the transition from Industry 4.0 to Industry 5.0 has been developed,
as well as a performance dashboard.

Keywords: performance optimization; sustainability; digital twin; modeling

MSC: 90B06

1. Introduction

During the last two decades, the company supply chain has completely changed.
Supply chain management corresponds to activity planning and management from sup-
pliers to procurement, production, and distribution to customers [1]. The changes have
varied because of internal or external logistics improvements, the geopolitical situation
in the world, and globalization, which offers companies the possibility to increase their
influence and markets. Classical optimization methods and tools have been developed.
For instance, mathematical models such as nonlinear programming, mixed integer linear
programming, or fuzzy logic are used in industry to optimize the supply chain [2]. Be-
cause of the versatility of the market, the variation in the cost of raw materials, and the
price of the workforce, the objective of manufacturing cost reduction and profit increase
becomes a priority for companies. However, the increase in fuel costs and the unstable
events in the world have changed the situation by balancing internal supply chain costs
and external costs. Optimization involves taking both into account in the transformation of
the company’s supply chain.
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The complexity of the issues and the validation of the solutions facilitate the implemen-
tation of Industry 4.0 methods and tools in supply chain performance. For instance, traffic
flow prediction involves machine learning in addition to traditional statistical methods [3].
These hybrid and intelligent methods and models have defined and solved many complex
problems, but they have also created the need for new technologies such as advanced
robotics, big data, and the Internet of Things to be more efficient in helping companies
optimize the supply chain. The use of these technologies in SMEs meets brakes such as
the cost, the level of knowledge of the workers, safety, etc. In this case, the use of digital
twins as an improvement tool becomes relevant because of the possibility of monitoring
the supply chain in real time, but also because of the possibility of using simulation as a
decision support tool to improve the company’s performance.

Finally, the introduction of sustainability as a criterion for supply chain optimiza-
tion has recently been included in mathematical models due to increasingly demanding
legislation and public awareness of planetary limits. This idea is in line with what is
advocated by the Industry 5.0 concept. In fact, the aim of this concept is to create a more
equitable and sustainable approach to production, taking into account the efficiency and
profitability of manufacturing processes alongside the effects on employees and the environ-
ment [4]. In this context, several methods and tools have been developed. A multi-objective
mixed-integer linear programming model for a sustainable closed-loop supply chain with
recycling and remanufacturing that is able to optimize the product and component flow,
the location of the plant, and the selection of the component suppliers has been developed
in [5]. A framework interacting with the factors influencing transport sustainability in-
dicators has been developed [6]. In [7], a hybrid approach has been developed to select
sustainable suppliers and allocate orders based on quantitative and qualitative methods
and intelligent algorithms such as fuzzy logic. A regression neural network with short-term
memory is proposed for the prediction of short-term traffic flows [8]. To solve inventory
management problems, a hybrid method combining a Bayesian neural network for the de-
mand forecasting model with deep reinforcement learning for the planning model has been
elaborated [9]. A method for associating economic and environmental aspects with supply
chain performance improvement has been developed [10]. This multi-objective model
focuses on supply chain cost minimization for the economic criteria and the minimization
of environmental impact through life cycle assessment for the second criterion. Therefore,
the existing literature shows the gradual incorporation of sustainability as a criterion in
supply chain optimization models, but to our knowledge, there is a lack of models that
address economic, social, and environmental issues in a combined way that adequately
responds to the transition from a technology-centered Industry 4.0 to a human-centered
Industry 5.0.

This paper aims to focus simultaneously on sustainable aspects in addition to triptych
cost, lead time, and quality in supply chain performance improvement by exploiting new
technologies and combining them with traditional methods. Special emphasis will be
placed on using digital twins to sustainably optimize the supply chain.

The structure of the paper and its sections are shown in Figure 1. A detailed literature
review presenting the methods and tools used in this paper is gathered in Section 2. In
Section 3, a conceptual framework to support Industry 5.0 concepts is presented. Section 4
collects several sustainability practices and two use cases to illustrate and validate the
previous concepts. The results of the practices and use cases from the previous section are
summarized in Section 5. It also introduces a Supply Chain Management 5.0 framework
and a dashboard. Finally, Section 6 discusses the conclusions and the most important future
lines of research.
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Figure 1. Structure of the paper (source: own work).

2. Related Work

This section explores the literature on sustainability, optimization, and digital twin to
show what the added value of this paper will be and to find concepts and methods that
can be combined to solve supply chain sustainable performance problems.

2.1. Literature Review on Sustainability

Sustainable development is a concept that was first portrayed in the Brundtland report
to convey the idea of the reconciliation of economic, social, and environmental goals [11].
Indeed, the decisions made by a company and its supply chain should address the needs of
all stakeholders from a triple bottom-line, long-term perspective.

There are a lot of decisions that affect the sustainability of the supply chain, such as
how products are designed, what kind of materials are used, under what conditions they
are manufactured and assembled, which criteria are employed to select suppliers, what
transport modes are used to deliver products, or what is done with products at the end of
their life cycle.

Currently, companies and supply chains are facing mounting pressure to reduce
the carbon footprint of their activities due to increasing public awareness, tightening
environmental regulations, and environmental management standards [12].

Communities demand that companies comply with human rights in their own factories
and those of their suppliers, to pay fair wages to their employees or to pay fair taxes not
only when they operate at a national level but also in an international context, often within
the digital economy.

In terms of binding regulatory frameworks, the European Green Deal aims to achieve
net zero greenhouse gas (GHG) emissions by 2050, decouple economic growth from re-
source use, and leave no person or place behind [13].

In relation to environmental management standards, they refer to frameworks that
companies adopt voluntarily when they decide to put the environment at the center of their
business strategy and go beyond the minimum legal compliance. The most recognized stan-
dards are [14] ISO14000, developed by the International Organization for Standardization,
and EMAS, which applies to EU Member States. Today, there are a lot of companies that
have been accredited to these standards, so they are less and less a competitive advantage
and more and more a qualifying criterion.
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Sustainability in the SC can be obtained by focusing on the sustainability of the three
processes it comprises: procurement, production, and distribution [15].

Regarding the procurement process, it is usually one of the first processes that com-
panies change for environmental reasons. This practice is often referred to as green pro-
curement. Indeed, it is relatively easy, especially in competitive markets, to set strict
environmental standards for suppliers by including them in the selection criteria. By do-
ing so, companies can improve their own environmental performance by leveraging the
efforts of their suppliers. Additionally, avoiding wider sourcing can reduce the demand for
transport and, therefore, fuel consumption and carbon footprint.

In relation to the production process, it is very important to reduce the amount of
waste generated by manufacturing activities that is sent to landfills, as well as to promote
dematerialization by designing products with fewer materials. Furthermore, the carbon
footprint of the production operations must be carefully measured and mitigated because
it accounts for the majority of the embodied GHG emissions in a product. Finally, manufac-
turing companies should use design-for-longevity strategies to prolong product life and
make repairs easy and inexpensive.

Finally, if we look at the distribution process, the most damaging activity is transport,
which accounts for about a fourth of the EU’s total GHG emissions [16]. It can cause
a number of externalities, such as air pollution, congestion, noise, accidents, or loss of
biodiversity, and can seriously contribute to global warming and climate change. Due to
their importance, we are going to focus on two important issues related to sustainability,
i.e., decarbonizing transport and the circular economy.

2.1.1. Decarbonizing Transport

According to the ITF Transport Outlook 2021 [17], freight transport ton-km, which is a
unit used to measure moving one ton over one kilometer, is expected to increase more than
double by 2050.

The Kaya Identity [18] is a mathematical equation that states that the total amount of
carbon dioxide emitted can be expressed as the product of four factors: human population,
gross domestic product per capita [GDP/capita], energy intensity [Energy/GDP], and
carbon intensity of energy consumed [GHG/Energy].

GHG emissions = Population × [GDP/Population] × [Energy/GDP] × [GHG/Energy] (1)

McKinnon [19] adapts this framework to model the relationship between GHG emis-
sions and the level of freight transport. In order to do so, we substitute tons-km for
population, and we limit energy to that consumed by freight transport.

GHG emissions = GDP × [tonne-km)/GDP] × [Energy/tonne-km] × [GHG/Energy] (2)

We are going to analyze the four key driving factors for GHG emissions:

1. GDP. This is related to economic production. Pope Francis [20] argues that a decrease
in the pace of production and consumption can lead to another mode of progress
and development where reuse, recovery, and recycling are encouraged. In addition,
increasing the sharing economy and servitization trends, including access rather than
ownership, can contribute to reducing the need for new primary materials.

2. Ton-km/GDP. It refers to the intensity with which the economy moves goods. In order
to reduce this factor, freight transport must be decoupled from economic growth.
Therefore, the distance traveled by vehicles that are empty or not completely full must
be reduced. In order to achieve this goal, weight limitations for each type of vehicle
should be relaxed, vehicle load factors should be raised, and empty running should
be avoided.

3. Energy/tone-km. It is related to the energy intensity of freight transport. This element
is related to energy efficiency, which means improving the amount of freight moved
per energy consumed.
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4. GHG/Energy. It refers to the carbon content of energy used in freight transport.
Therefore, it involves shifting to lower-carbon energy sources, such as natural gas,
hydrogen, biofuels, or electricity generated by renewables.

Internalizing the environmental costs of the aforementioned externalities means includ-
ing the environmental costs of transport in the company budgets, applying the “polluter
pays” principle. The Eurovignette Directive is an initiative of the European Commission
to regulate road charges for heavy-goods vehicles. Therefore, these costs are no longer
ignored in decision-making and can induce behavioral change.

2.1.2. Circular Economy

Currently, the planet is experiencing a serious tension between the ever-increasing
need for natural resources for new products and the limited amount of them, which in
some cases is close to exhaustion. On the other hand, the capacity of the planet to absorb
residues is also restricted in terms of landfills available where waste can be disposed of.
A possible solution to this problem is to imitate natural ecosystems and compose closed-
loop or circular systems in which products, parts, or materials are reintroduced into the
economic system and reused, remanufactured, or recycled so that both the requirements of
raw materials and landfill capacity are relaxed [21].

Circular economy avoids linear systems according to the “take-make-dispose” ap-
proach and transforms them into closed-loop ones, where waste dumped in landfill sites or
incinerated is minimized and products, parts, or materials are reintroduced in the economy
and their value preserved. Therefore, products are made to last by reusing, repurposing,
fixing, upgrading, and recycling as much as possible, thus moving from a “cradle to grave”
to a “cradle to reincarnation” life cycle model [22].

As part of the Green Deal, in 2022, the European Commission launched the Circular
Economy Action Plan, where it identified seven key areas that are crucial to reaching a
circular economy [23].

The Table 1 provides data on current recycling rates obtained in the EU [24] and
European legislation [25] applied to the key areas, which correspond to different waste
streams. It is quite clear that the recycling rates for different waste streams vary significantly,
ranging from 1% in the case of the textile industry to 90.5% in the automotive industry.

Table 1. Recycling rates for different waste streams and EU strategies/directives.

Waste Stream Recycling Rate Strategy/Directive

Plastics 32.5% EU Strategy for Plastics in the
Circular Economy

Textiles 1% EU Strategy for Textiles

E-waste <40% WEEE Directive

Food 20% 1 EU Farm-to-Fork Strategy

Water and nutrients 90% 2 Water Framework Directive

Packaging 64% Packaging and Packaging
Waste Directive

Batteries
and vehicles

47%
90.5%

Batteries and Accumulators Directive
End-of-Life Vehicles Directive

Buildings and
construction 50% Energy Performance of Buildings

Directive
1 It refers to food waste. 2 Data comes from urban waste water.

Although the European Union can be considered a forerunner of the application of
waste management legislation, these data are still far from the desired targets for recy-
clability and vary widely throughout the EU. In addition, the European Commission has
issued a proposal for a directive on corporate sustainability due diligence. This legisla-
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tion represents a major advance in extending circular economy principles to green supply
chain management.

In summary, significant progress is being made toward supply chain sustainability
through public awareness, existing mandatory and voluntary environmental standards,
and new business models that are beginning to focus on the environment. The following
section looks at the contributions in terms of methods and tools in the field of optimization.

2.2. Literature Review on Optimization

The supply chain is described as “the activities, individuals, organization, information
and resources involved in delivering a product or service from a supplier to a customer” [26].
As mentioned in the previous section, a company’s supply chain can be divided into three
main processes: procurement, production, and distribution, with interrelationships with
other functions such as accounting, information systems, etc., and with suppliers and
customers. With the integration of sustainability as a criterion, supply chain optimization
concepts are changing. In the literature, a supply chain can be considered a complex system
comprising autonomous entities, value chain processes, and uncertainties [27,28]. Then,
optimizing the supply chain involves the exploitation of numerous concepts, theories,
methods, and tools. This section will present some of them.

2.2.1. Enterprise Modeling Methods

The supply chain corresponds to a global entity, and its optimization involves the
transformation of each of its sub-systems. The system can be transformed through method-
ologies based on theories of systems [29–32]. Indeed, enterprise modeling methods allow
for optimization the company supply chain. Three methodologies could be exploited in
this frame:

• CIMOSA [33] is an open systems architecture enterprise integration that includes a
powerful enterprise modeling language and aims at model-based integration [34].

• PERA [35] is a “detailed and pragmatic methodology covering the whole life cycle of
an industrial project from inception to operation and even system disposal” [34].

• The GRAI [36] methodology is based on a reference architecture describing the pro-
duction manufacturing structure and how it can be managed. It also uses concepts
and models to improve business performance through an efficient general approach.
The GRAI methodology integrates the concepts of both previous methods by studying
the company in detail during the transformation process [36]. Its originality is the
analysis of the company through decisional, informational, process, functional, and
physical views, studying in detail the enterprise.

These enterprise modeling methods require that they be combined with operational
methods and tools to really increase company performance. The following subsections aim
to focus on these operational optimization methods.

2.2.2. Methods and Tools Based on Operational Research Theories

The methods and tools based on operational research theories used for company
supply chain optimization are numerous. They are generally used in each part of the
supply chain. For instance, classical mathematical programming models are found in
the literature to solve supply chain management and optimization problems focusing on
production, processing, distribution, retailing, or marketing [37]. They can be classified into
network design, location of facilities, vehicle routing, allocation of resources and capacity,
allocation of markets and supply, mode of transport and allocation of transport capacity,
etc. [38]. Linear programming, non-linear programming, multi-objective programming,
stochastic programming, heuristics, algorithms, metaheuristics, and fuzzy programming
are the methods used in these cases. For example, ref. [39] studies multi-period production
planning using stochastic programming to maximize profit over a finite planning horizon;
ref. [40] focuses on vehicle routing and uses fuzzy non-linear programming to minimize
transport costs and product waste. For these methods and tools, the objectives are generally
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minimization of costs and maximization of profit, reduction of delay, and maximization of
quality. Indeed, other criteria can be associated with and combined for the optimization
process. Ref. [41] solves network design problems by using mixed integer linear program-
ming to design supply chains that take into account economic, social, and environmental
sustainability. Solutions to certain problems are difficult to find using traditional methods,
but artificial intelligence tools can be used to find them.

2.2.3. Methods and Tools Based on Artificial Intelligence

When classical methods are not sufficient in terms of problem description or solution,
artificial intelligence (AI) methods are applied to the supply chain. AI is defined as “an
area of study in the field of computer science concerning the development of computers
able to engage in human-line activities through processes such as learning, reasoning,
and self-correction” [42]. It also corresponds to “computational methods that imitate
human mental activities such as thinking, inference, classification, interpretation, estimation
and decision making” [43]. Artificial intelligence is made up of different methods and
tools, such as machine learning, expert systems, fuzzy logic, multi-agent systems, and
deep learning. Machine learning, defined as statistical AI methods capable of making
predictions and conclusions based on data [44], consists of three categories: supervised,
unsupervised, and reinforcement learning. Supervised learning techniques (e.g., neural
nets, deep learning) will be used to obtain the best function describing the pattern between
input and labeled output variables [45]. Unsupervised learning methods make it possible
to “self-discover and detect data with common features from an unlabeled data set and
to reveal hidden patterns in the data” [46]. Reinforcement learning methods are used to
teach a sequence of actions that perform specific tasks and define rewarded and punished
actions. Deep learning methods are used to capture non-linear relationships between users
and objects and to deal with different types of data sources, such as images and text [47].
All these methods and techniques are nowadays exploited to define complex supply chain
problems and solve them. For example, deep learning is being used in CNC machining
and monitoring systems for the development of machining monitoring systems [48] and
for the detection of defects in manufacturing processes [49]. Deep reinforcement learning
methods are being used in manufacturing systems to control robots [50], but also to take
advantage of their self-learning capabilities to make precise and fast decisions when faced
with dynamic and complex situations [51]. Multi-agent systems are used to optimize
scheduling in cloud manufacturing [52] and real-time simulation [53].

These include uncertainty, robustness (the ability of a system to return to its original
state or move to a new, more desirable state following a perturbation [54]), risk, and
vulnerability (the extent to which a supply chain may be exposed to a specific or non-
specific risk occurrence [55]). The focus of these methods is on the triptych of cost, lead
time, and quality optimization, but sustainability aspects can also be integrated into the
performance optimization process. The following subsection focuses on sustainability in
the company’s supply chain optimization process.

2.2.4. Supply Chain Sustainable Optimization Methods

Sustainability covers economic, social, and environmental issues. The focus is on
supply chain optimization through the use of sustainable approaches to supply chain
transformation and the definition of appropriate assessments. For example, the use of a
sustainable supplier selection and procurement tool allows suppliers to be identified and
assessed on the basis of their sustainable performance, including social, environmental,
and economic aspects [56]. In this case, a multi-criteria decision methodology is proposed,
combining tools such as SMART, MEREC, and ROG-based ranking to improve the quality
of supplier selection. Methods integrating these sustainable aspects are therefore based
on multiobjective decision algorithms or multicriteria decision tools, as described in [57]
using a sustainable supplier management tool, in [58] developing a robust sustainable
supplier selection and awarding approach, in [59] presenting a green sustainable supplier
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selection and awards model, or in [60] with a hybrid method combining multicriteria and
multiobjective decision concepts. The decision-making tool can also be found in other
industrial sectors, such as transportation or production management, with a combination of
classical optimization tools and intelligent algorithms. Commonly used techniques include
lifecycle analysis, cost–benefit analysis, eco-assessment, optimizing modeling, dynamic
modeling, metrics modeling, data analytics (big data analytics tools), and multi-criteria
decision tools.

All these tools have their advantages, and it could be pertinent to develop an approach
combining most of them to increase, in any specific case, the company’s supply chain
performance. Indeed, new technologies help to make this happen. The following section
will focus on using digital twins to improve performance.

2.3. Literature Review on the Digital Twin

Digital twins (DT) have become a hot topic in recent years, gaining traction in both
academic research and industrial applications [61]. This technology aligns perfectly with
the innovative spirit of Industry 4.0, as it leverages automation tools and data exchange
methods common in modern manufacturing, including the Internet of Things (IoT), cloud
computing, cyber-physical systems (CPS), big data analytics, simulation, and augmented
reality [62,63]. The surge in DT research is reflected in the growing number of review
publications across diverse application areas. These areas include the following:

• Manufacturing [64–66];
• Maintenance [67,68];
• Supply chain management [69,70], including regenerative supply chains [71];
• Construction [72];
• Agriculture [73].

This is not an exhaustive list, but it highlights the wide-ranging potential of digital twins.
It is important to note that in supply chains, material flow conversion typically involves

repackaging or changing the logistics unit rather than fundamental product transformation.
Several terms are used to describe different types of digital representations: digi-

tal model, digital shadow, and digital twin (DT). The key distinction lies in the flow of
data between the physical object and its digital counterpart [74]. While some authors
emphasize real-time operation and data exchange, others focus more broadly on the digital
representation itself. Here is a breakdown of the terms based on data flow [75]:

• Digital model: this is a static, digitized version of a physical object, planned or existing.
• Digital shadow: this represents a digital version of an object with a one-way data flow.
• Digital twin (DT): this is the most advanced representation, featuring a two-way, real-

time data exchange between the physical object and its digital counterpart. Changes
in one are automatically reflected in the other.

It is important to acknowledge that not all authors focus solely on the data flow aspect.
Some consider the broader concept of digital representation itself.

Pinning down a single, universally accepted definition of a digital twin (DT) remains a
challenge [64,65]. While some cite Michael Grieves, the originator of the term, who defines
it as having three parts: physical products, virtual products, and a two-way data connection
linking them [76], others propose their own variations [77].

In essence, there’s a lack of complete uniformity in how DTs are defined, particularly
regarding the physical relationship and level of detail within the digital representation.

The concept of a single, perfect digital twin (DT) has been challenged by some. They
argue that companies may need multiple DTs with varying levels of detail, depending on
the task at hand. Even a simple product description or 3D model can be considered a basic
DT, albeit with limited functionality. However, perfectly describing any object is impossible.
An object’s parameters are theoretically infinite, so achieving complete accuracy is not
feasible. The key lies in identifying a limited set of parameters relevant to the specific
problem a DT is designed to solve. Building a DT goes beyond simply collecting real-time
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data from a physical object. This approach creates a “digital shadow,” a snapshot of the
current state captured through big data. A true DT should be able to do the following:

• Distinguish between valuable information and noise: Not all the data collected is
relevant. A DT needs to filter out irrelevant data (“pollution”) to focus on what
matters.

• Incorporate rules and behavior models: a DT should represent the object’s behavior
through a set of rules, enabling simulations of various scenarios.

• Perform simulations and optimization: By simulating different scenarios, DTs can
answer “what-if” questions and identify optimal configurations based on defined
objectives. This functionality makes DTs invaluable decision-making tools.

In essence, DTs offer a level of detail and functionality tailored to specific needs,
providing crucial insights for informed decision-making.

Material flow conversion can leverage complex mathematical models to describe
the behavior of physical objects or processes with high accuracy. This approach is often
referred to as computational modeling. In today’s world, digital twins (DTs) are frequently
employed for this purpose, acting as virtual models defined by these intricate mathematical
models [78,79].

Material flow control, on the other hand, takes a more situational and managerial
approach, relying on simulation methods. Simulation is particularly valuable when the
sequence and layout of manufactured products impact production system performance.
Also, in the context of a supply chain, the essence of which is the flow of materials, creating
a digital twin using simulation is particularly important. However, it should be clearly
noted that the term “simulation” in the supply chain context refers primarily to computer
simulation. This simulation involves describing the modeled objects, the principles of oper-
ation of these objects, and the relationships between them directly in a computer program.
Model objects are similar (preferably identical) to the modeled real objects. The similarity of
model and object structures is the most important feature of computer simulation. Working
with a simulation model involves conducting a simulation experiment. The process occur-
ring during the experiment is similar to the process occurring in a real object; therefore,
examining the object through its simulation model involves examining the characteristics
of the process occurring during the experiment. Formalizing the representation of the
system involves adopting a discrete event schema as the standard approach. The process of
system functioning over time is treated as a sequence of events occurring in the system in
accordance with the principles of its operation. Three-dimensional visualization is impor-
tant and necessary in this context. The concept of an event is assigned a specific meaning
depending on the purpose of the modeling. Thus, the authors consciously omit simulations
based on the Monte Carlo method, computational simulations based on mathematical
models, or Petri nets.

The literature review shows the panel of formalisms, concepts, and methods that could
be exploited for developing the appropriate tool for the company’s digital and sustainable
digital transformation.

3. The Conceptual Framework

This section presents a conceptual framework designed to help implement Industry
5.0 concepts in the company’s supply chain. The company represents a system or an artifact.
Its digital and sustainable transformation is represented as a bijective application from
A to A that involves the combination of parameters associated with new technologies,
sustainability, and organizational characteristics. To make this company improvement a
success, a framework describing transformation steps is required.

For instance, [80] introduces a framework based on the use of vertical integration
and horizontal integration concepts to realize the company transformation. Indeed, the
sustainable aspects have not been included in this framework. Industry 5.0 goes a step
further by putting humans at the center of business and thus responding to societal needs.
The conceptual framework presented in this paper is in line with the expectations of
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Industry 5.0, focusing on sustainability as the core of the digital transformation of the
company’s supply chain.

The following subsections present the main elements of the conceptual framework:
firstly, the three-dimensional representation of the framework representation; then, the
mathematical model supporting it; the structure of the performance assessment tool used
to measure the company’s sustainable existing and future performance; and finally, the
architecture of an intelligent support system tool.

3.1. The Three-Dimensional Representation

A three-dimensional representation has been chosen to illustrate the conceptual frame-
work, which is based on the one presented in [81], in order to capture the three axes of the
transformation (see Figure 2). Sustainability is described as the essence of the transforma-
tion, encompassing economic, social, and environmental aspects, as shown in the figure.
The first axis is the physical transformation of the supply chain, including the changes that
will increase the company’s performance. As mentioned in Section 2.1, there are three main
parts of the supply chain that need to be optimized: procurement, manufacturing, and dis-
tribution. Each of these parts is physically transformable. The structure and process of this
transformation are integrated into the framework through the physical transformation axis.
The organizational and optimal axis includes the use of optimization, or organizational
tools and methods, to transform the company’s supply chain. The third axis is based on
the introduction of new technologies such as IoT or robotics (physical use) and informa-
tion tools (ERP, big data, digital twin) in the optimization of the company’s supply chain.
Through the three axes and the methods/tools associated with each, corporate supply
chain optimization becomes a process of continuous improvement. The next sub-section
presents the mathematical model used to transform the company.

Mathematics 2024, 12, x FOR PEER REVIEW 11 of 33 
 

 

 
Figure 2. The 3D representation of the conceptual framework (adapted from [81]) for the supply 
chain sustainable digital transformation (source: own work). 

3.2. The Mathematical Model 
At this point, a theoretical mathematical model is described that responds to the 

needs of Industry 5.0. Indexes, parameters, and decision variables make up the mathe-
matical model for improving business performance. The model’s indices are shown in 
Table 2. The parameters are described in Table 3 and correspond to environmental, social, 
and economic expectations. The decision variables defined in Table 4 are those optimized 
in the mathematical model. The mathematical model is then a hybrid model with objective 
functions to be optimized and constraints that are related to the specifics of the company 
in terms of the economic, social, and environmental dimensions of the company’s supply 
chain. 

Table 2. Indices. 

Index  Description  
i Index of the procurement processes, i varying from 1 to I 
j Index of the manufacturing processes, j varying from 1 to J 
k Index of the distribution processes, k varying from 1 to K 
l Index of the cost criterion  

m Index of the quality criterion 
n Index of the lead time criterion 
w Index of the digital maturity degree criterion 
o Index of well-being criterion 
p Index of health criterion 
q Index of transport criterion 
r Index of waste criterion 
s Index of water criterion 
t Index of air criterion 
u Index of energy criterion 
v Index of environmental management criterion 

  

Figure 2. The 3D representation of the conceptual framework (adapted from [81]) for the supply
chain sustainable digital transformation (source: own work).

3.2. The Mathematical Model

At this point, a theoretical mathematical model is described that responds to the needs
of Industry 5.0. Indexes, parameters, and decision variables make up the mathematical
model for improving business performance. The model’s indices are shown in Table 2. The
parameters are described in Table 3 and correspond to environmental, social, and economic
expectations. The decision variables defined in Table 4 are those optimized in the mathe-
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matical model. The mathematical model is then a hybrid model with objective functions to
be optimized and constraints that are related to the specifics of the company in terms of the
economic, social, and environmental dimensions of the company’s supply chain.

Table 2. Indices.

Index Description

i Index of the procurement processes, i varying from 1 to I

j Index of the manufacturing processes, j varying from 1 to J

k Index of the distribution processes, k varying from 1 to K

l Index of the cost criterion

m Index of the quality criterion

n Index of the lead time criterion

w Index of the digital maturity degree criterion

o Index of well-being criterion

p Index of health criterion

q Index of transport criterion

r Index of waste criterion

s Index of water criterion

t Index of air criterion

u Index of energy criterion

v Index of environmental management criterion

Table 3. Parameters.

Parameters Description

Ni Number of procurement processes

Nj Number of manufacturing processes

Nk Number of distribution processes

Cl Cost minimization limit

Qm Quality maximization limit

LDn Lead time minimization limit

DMw Digital maturity degree maximization limit

WBo Well-being maximization limit

Hp Health maximization limit

Trq Transport minimization limit

Wstr Waste minimization limit

Ws Water minimization limit

At Air pollution minimization limit

Enu Energy minimization limit

EMv Environmental management maximization limit
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Table 4. Variables.

Decision Variables Description

Xli Unit Procurement cost

Xlj Unit Manufacturing cost

Xlk Unit Distribution cost

Xmi Unit Procurement quality

Xmj Unit Manufacturing quality

Xmk Unit Distribution quality

Xni Unit Procurement lead time

Xnj Unit Manufacturing lead time

Xnk Unit Distribution lead time

Xwi Unit Procurement digital maturity degree

Xwj Unit Manufacturing digital maturity degree

Xwk Unit Distribution digital maturity degree

Yoi Unit Procurement well-being

Yoj Unit Manufacturing well-being

Yok Unit Distribution well-being

Ypi Unit Procurement health

Ypj Unit Manufacturing health

Ypk Unit Distribution health

Yqi Unit Procurement transport

Yqj Unit Manufacturing transport

Yqk Unit Distribution transport

Dri Unit Procurement waste

Drj Unit Manufacturing waste

Drk Unit Distribution waste

Dsi Unit Procurement water

Dsj Unit Manufacturing water

Dsk Unit Distribution water

Dti Unit Procurement air

Dtj Unit Manufacturing air

Dtk Unit Distribution air

Dui Unit Procurement energy

Duj Unit Manufacturing energy

Duk Unit Distribution energy

Dvi Unit Procurement environmental management

Dvj Unit Manufacturing environmental management

Dvk Unit Distribution environmental management

The economic performance is obtained by optimizing the first objective function:
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MinEP =
I

∑
i=1

Ni ∗ Xli +
J

∑
j=1

Nj ∗ Xl j +
K
∑

k=1
Nk ∗ Xlk +

I
∑

i=1
Ni ∗ Xmi +

J
∑

j=1
Nj ∗ Xmj +

K
∑

k=1
Nk ∗ Xmk

+
I

∑
i=1

Ni ∗ Xni +
J

∑
j=1

Nj ∗ Xnj +
K
∑

k=1
Nk ∗ Xnk +

I
∑

i=1
Ni ∗ Xwi +

J
∑

j=1
Nj ∗ Xwj +

K
∑

k=1
Nk ∗ Xwk

(3)

The associated constraints to this optimization are as follows:

I
∑

i=1
Ni ∗ Xli +

J
∑

j=1
Nj ∗ Xl j +

K
∑

k=1
Nk ∗ Xlk ≥ Cl

I
∑

i=1
Ni ∗ Xmi +

J
∑

j=1
Nj ∗ Xmj +

K
∑

k=1
Nk ∗ Xmk ≤ Qm

I
∑

i=1
Ni ∗ Xni +

J
∑

j=1
Nj ∗ Xnj +

K
∑

k=1
Nk ∗ Xnk ≥ LDn

I
∑

i=1
Ni ∗ Xwi +

J
∑

j=1
Nj ∗ Xwj +

K
∑

k=1
Nk ∗ Xwk ≤ DMw

(4)

The social performance corresponds to the second objective function optimization:

MaxSP =
I

∑
i=1

Ni ∗ Yoi +
J

∑
j=1

Nj ∗ Yoj +
K
∑

k=1
Nk ∗ Yok +

I
∑

i=1
Ni ∗ Ypi +

J
∑

j=1
Nj ∗ Ypj +

K
∑

k=1
Nk ∗ Ypk +

I
∑

i=1
Ni ∗ Yqi

+
J

∑
j=1

Nj ∗ Yqj +
K
∑

k=1
Nk ∗ Yqk

(5)

The constraints that are limiting the domain of the objective function are as follows:

I
∑

i=1
Ni ∗ Yoi +

J
∑

j=1
Nj ∗ Yoj +

K
∑

k=1
Nk ∗ Yok ≤ WBo

I
∑

i=1
Ni ∗ Ypi +

J
∑

j=1
Nj ∗ Ypj +

K
∑

k=1
Nk ∗ Ypk ≤ Hp

I
∑

i=1
Ni ∗ Yqi +

J
∑

j=1
Nj ∗ Yqj +

K
∑

k=1
Nk ∗ Yqk ≥ Trq

(6)

The environmental performance involves the third objective function optimization
(negative impact optimization):

MinEnP =
I

∑
i=1

Ni ∗ Dri +
J

∑
j=1

Nj ∗ Drj +
K
∑

k=1
Nk ∗ Drk +

I
∑

i=1
Ni ∗ Dsi +

J
∑

j=1
Nj ∗ Dsj +

K
∑

k=1
Nk ∗ Dsk +

I
∑

i=1
Ni ∗ Dti

+
J

∑
j=1

Nj ∗ Dtj +
K
∑

k=1
Nk ∗ Dtk +

I
∑

i=1
Ni ∗ Dui +

J
∑

j=1
Nj ∗ Duj +

K
∑

k=1
Nk ∗ Duk +

I
∑

i=1
Ni ∗ Dvi

+
J

∑
j=1

Nj ∗ Dvj +
K
∑

k=1
Nk ∗ Dvk

(7)

The constraints associated with this objective function are represented below:
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I
∑

i=1
Ni ∗ Dri +

J
∑

j=1
Nj ∗ Drj +

K
∑

k=1
Nk ∗ Drk ≥ Wstr

I
∑

i=1
Ni ∗ Dsi +

J
∑

j=1
Nj ∗ Dsj +

K
∑

k=1
Nk ∗ Dsk ≥ Ws

I
∑

i=1
Ni ∗ Dti +

J
∑

j=1
Nj ∗ Dtj +

K
∑

k=1
Nk ∗ Dtk ≥ At

I
∑

i=1
Ni ∗ Dui +

J
∑

j=1
Nj ∗ Duj +

K
∑

k=1
Nk ∗ Duk ≥ Enu

I
∑

i=1
Ni ∗ Dvi +

J
∑

j=1
Nj ∗ Dvj +

K
∑

k=1
Nk ∗ Dvk ≤ EMv

(8)

The company’s supply chain optimization is then a combination of these three di-
mensions of sustainability. Indeed, the problem to solve in this company improvement is
complex, and classical operational research methods are not sufficient. The company’s prob-
lem modeling through the use of the mathematical model has to be done with efficiency;
the points to improve have to be detected, and the solution or propositions of improvement
must be defined. Numerous aspects, such as the diversity of data to manage, the mea-
sure of the company state in terms of performance, the integration of optimization rules,
and the complexity of the decisions to make, have to be considered to find the adapted
solution. Most of these aspects of integration are realized through the development of an
intelligent system to support the concepts presented. The following subsection focuses
on the description of the company performance assessment structure to exploit in the
intelligent tool.

3.3. The Structure of the Performance Assessment Tool

Three axes are defined to structure the performance indicators of the performance
assessment tool, i.e., sustainable transformation, digital transformation, and optimal trans-
formation (see Figure 3).

The sustainable transformation axis contains indicators shared across four main cri-
teria: economic, social, environmental, and circular aspects. The economic criterion is
composed of three sub-criteria: cost, quality, and lead time, which are aspects to optimize.
It is focusing on the measurement having a sense for the company supply chain managers.
The economic impact could clearly be defined and measured with this package. The social
criterion also contains three sub-criteria, such as health, well-being, and transport. Opti-
mizing the supply chain requires a detailed study of each one. The environmental criterion
is made up of five sub-criteria: waste, air, water, energy, and eco-management. Optimizing
the supply chain according to this criterion involves a combination of the five aspects. The
last criterion concerned with sustainability is circular economy concepts. This criterion
is studied in the supply chain by focusing on the 6Rs concepts: reduce, reuse, recycle,
redesign, recover, and remanufacture. Their use in supply chain processes allows them to
take these aspects into account when optimizing the supply chain.

The digital transformation axis integrates three main criteria in supply chain optimiza-
tion, i.e., physical technology tools, virtual technology tools, and information systems. The
physical tools criterion corresponds to incorporating new technologies such as advanced
robotics, IoT, immersive realities, additive manufacturing, and cyber-physical systems to
optimize the supply chain. The virtual technology tools criterion focuses on emerging
technologies like cloud computing, cybersecurity, big data/analytics, and digital twins to
improve supply chain performance. The information systems criterion involves the ex-
ploitation of tools such as ERP, SCM, MES, CRM, and SIRH tools to improve the company’s
supply chain performance.
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The third axis, called optimal transformation, is mainly focused on mathematical
optimization algorithms and tools through three criteria: classical tools, organizational
tools, and intelligent tools. The classic tools criterion is a set of traditional algorithms that
are commonly used for supply chain performance improvement. The organizational tools
criterion covers the methods and tools used to structure and manage the business that
could be applied to optimize the company’s supply chain. Finally, the criteria for intelligent
tools integrate decision support tools and new algorithms such as machine learning, deep
learning, and neural networks, which could be used to improve the performance of the
company’s supply chain.

This paper proposes the use of an intelligent decision support tool, which includes
artificial intelligence methods combined with classical optimization methods, to solve
this problem.

3.4. Intelligent Support System Tool Architecture

Figure 4 shows an architecture for tools developed to support sustainable supply
chain performance optimization and digital transformation. Indeed, it is composed of a
sustainable and intelligent optimizer, a digital transformer, an organizational tool, and a
performance measurement tool acting on the physical supply chain.

Focusing on the methods and concepts required to make a process viable, the sustain-
able and intelligent optimizer module includes a sustainability optimizer. It includes rules,
norms, practices, optimization algorithms, and approaches to the transformation. The
intelligent optimizer is composed of classical optimization tools that exploit statistics and
probability knowledge and integrate how to use the algorithms on each part of the supply
chain to realize its transformation. It also exploits AI methods based on formalisms. The
digital transformer is mainly focused on realizing the digital twin of the company’s supply
chain, which will be used as a tool to help grow the business. As a company-specific digital
twin builder, the digital transformer serves to elaborate the virtual system of the supply
chain and uses formalisms like agent systems to define the digital twin and parameters to
enable the transformation of the company’s supply chain. It is a decision-aided tool for
people making digital and sustainable transformations in the company supply chain. The
organization tool is concerned with ensuring that the internal organization of the supply
chain is the most appropriate. It suggests tools and methods that can be used to facilitate
this transformation. The performance measurement tool is an intelligent dashboard for
measuring the health of the supply chain at every stage of the sustainable digital trans-
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formation. This intelligent support system tool is used to support the implementation
of the previous concepts in the company’s sustainable and digital transformation. These
theoretical concepts need to be adapted to the real context of the company, and this corre-
sponds to the next step of the transformation methodology validation. A panel of small
and medium-sized companies will be used in this phase. But, for preparing the conditions
of the framework and its tool adoption, practices and use cases have been exploited. The
following section illustrates how the concepts presented on sustainability, optimization,
and digital twin as an improvement tool will be combined to increase business performance.
The three examples focused only on a particular aspect of the company’s transformation.
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4. Practices and Use Cases

This section presents various practices in relation to sustainability, as well as two
use cases on optimization and digital twins, which illustrate their practical application in
different sectors and fields.

4.1. Sustainability Practices

Although the first steps in sustainability were taken by public authorities, they were
soon followed by a set of initiatives proposed by the private sector as part of their CSR
strategies. In this section, we are going to classify several industrial practices associated
with sustainability into the same two groups we considered in the Section 2.2 heading,
i.e., decarbonizing transport and circular economy. Indeed, their link with the previous sec-
tion corresponds to the environmental and circular aspects of exploitation in the framework
and the performance indicator structure. The good practices give parameters to measure to
respect expectations in this domain.

4.1.1. Good Practices in Decarbonizing Transport

According to the driving forces of GHG emissions, different business initiatives are
going to be analyzed to address the last three. The first one, i.e., GDP, which is related to
economic production, will be dealt with at the next heading, i.e., Section 4.1.2.
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Reduce the transport intensity of the economy. The goal is to reduce the amount of
unnecessary transportation while maintaining economic growth. The key initiatives are to
reduce distances traveled, avoid empty runs, and de-speed logistics.

Minimizing the distance a product is transported can be achieved by using opti-
mization algorithms to solve the vehicle routing problem. Furthermore, another common
solution is to use 0-km solutions, and in particular, 0-km food, where food is produced,
sold, and eaten locally [82].

One promising initiative to reduce empty running is horizontal collaboration, which
makes it possible to combine loads from different loaders on the same vehicles. Nestlé
and PepsiCo provide a noteworthy example of horizontal collaboration by creating a
collaborative partnership and working with a logistics provider. These manufacturers have
successfully optimized their delivery network, reducing costs and GHG emissions while
simultaneously enhancing efficiency and customer responsiveness [83].

Finally, the World Economic Forum and Accenture identified several actions to de-
carbonize the supply chain, with deceleration of logistics being one of the highest ranked.
This measure entails working with increased time windows, thus raising load factors, so
that higher vehicle utilization is achieved [84].

Reduce the energy intensity of transport. This option refers to reducing the amount of
energy needed to transport freight. This depends on the vehicle’s characteristics, driving
behavior, and traffic conditions. Advances in vehicle technology, such as Euro 5 and Euro
6 vehicles, allow for lower exhaust emissions and improved fuel efficiency. Also, the
incorporation of elements that improve the aerodynamic profiling of vehicles contributes
to higher energy efficiency as well.

Reduce the carbon content of the energy. This block corresponds to using low-carbon
energy sources or transferring freight to greener transport modes such as rail or water.
Toyota Motor Europe has recently partnered with the Dutch-based VDL Groep to enter
the zero-emission heavy-duty hydrogen truck market in Europe. For its part, the global
logistics provider Geodis is a pioneer in multi-modal transportation, offering rail-road
solutions. Furthermore, some cities, such as Paris or London, have long had low emission
zones and are using inland waterway transport projects as an alternative to road transport.
Finally, last-mile logistics uses electric vehicles or bicycles in combination with micro-hubs
in many cities.

4.1.2. Good Practices in Circular Economy

According to the well-recognized ladder principle, different waste management activi-
ties are ranked according to the following order of preference: prevention, reuse, remanu-
facturing, recycling, incineration, and disposal [21]. The last two are excluded because they
are the least interesting and are considered a solution of last resort once the previous ones
have been discarded.

Next, several business models are defined, and some success stories related to them
are presented.

1. Prevent. This business model corresponds to the prevention activity and entails the
avoidance of waste. One well-known and remarkable example of this model is Xerox,
which has pioneered this practice by designing products, packaging, and accessories
that use resources efficiently, enhance durability, and reduce parts [85]. Another
company worth mentioning is the renowned outdoor wear manufacturer Patagonia,
which offers a lifetime guarantee and repairs items upon request [86].

2. Reuse. It is the reuse of the product for the same or a different application without
significant further treatment. It mainly addresses specific types of products, such as
vehicles, clothing, books, electronic equipment, or packaging. A widespread practice
in supply chain management is pallet pooling, where pallets are shared and reused
within a network of producers, manufacturers, distributors, retailers, transporters,
and logistics service providers (LSP) [87].
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3. Remanufacture. This means that the products or their components will be ready for
use again after a period of refurbishment or repair. Dyson or Apple have expanded
their market share by offering their refurbished products to people who are unwilling
or unable to purchase their new products [88].

4. Recycle. This business model requires more additional treatment than the previous
ones since products must be broken down into parts or subassemblies that can some-
times be reused or simply used as raw materials for similar or lower-quality products.
Renault, a major French car manufacturer, has significantly reduced its consumption
of raw materials by recycling its waste (steel, leather, polypropylene, or textile) [89].

5. Share. The collaborative economy, or sharing economy, consists of peer-to-peer (P2P)
online platforms powered by digital technologies that provide temporary use of as-
sets [90]. This business model is very resource-efficient, reduces the environmental
impact of products, and has proven to be very successful. The main sectors that offer
services via online collaborative platforms are transport (e.g., BlaBlaCar), accommo-
dation (e.g., Airbnb), logistics (e.g., Saloodo), food (e.g., Blendhub), or anything you
do not need (e.g., eBay).

6. Product as a Service (PaaS). In a servitized economy, there is a shift from selling
products to providing services. This is the case of the pay-per-use model, where
producers own products forever and charge customers for the use and maintenance
of them. This model provides motivation for companies to design for the longevity
of their products and, therefore, to reuse, remanufacture, or recycle them, whichever
is more economical, thus enabling a circular economy [91]. Rolls-Royce, which was
a pioneer of the “power-by-the-hour” model in the 1960s, or HP are manufacturing
companies that are working with this business case [92].

In short, sustainability is a clear opportunity for new businesses and innovative
job creation. Companies can benefit from these new business models by reducing their
dependence on new primary resources and protecting them from price fluctuations, thus
enhancing their profitability and long-term competitiveness. The parameters defined in
this sub-section correspond to what will be checked and suggested in each company’s
sustainable transformation. These parameters also correspond to those that have been
integrated into the mathematical model and into the performance measurement structure.
Both social and environmental parameters are directly impacting the mathematical model
that has been proposed above. The final validation of these sustainability practices will
be done with the panel of SMEs. The following examples focus on economic and digital
aspects of the company’s transformation.

4.2. Use Case for Optimization

This section gives an example of a company in which the previous concepts have
been tested to optimize its sustainable performance. The objective here is to cover the
three aspects of company performance measurement. The company is composed of
1245 employees, working in collaboration with many suppliers and customers all over
the world. This company is specialized in the elaboration and implementation of cheese
powder production systems. The enterprise is able to design and provide the adapted
engineering for children’s milk powder production. This product is composed of milk-
derived powder ingredients (lactose, fructose, caseinate, etc.), which are mixed with liquid
components. Then, the combination is atomized to obtain a complex powder. Vitamins
and probiotic powder are added to the mixture to increase the product’s added value. The
company manages the implementation of the complete process, from pulverulent manage-
ment to dissolving ingredients, sterilization, atomization, and packaging. The turnover is
about € 200 million and dispatched as presented in Figure 5, with major implementations
in Singapore and Brazil. Some of the products are sold directly to customers, and others
are managed by exploiting an international seller’s services.
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This study aims to help companies implement sustainable and digital systems. In-
deed, this corresponds to the digital transformation of business processes through the
integration of Industry 4.0 concepts and the exploitation of sustainable aspects, which are
usually included in Industry 5.0. The board management organization is the following:
The director is in charge of the company and coordinates all its activities. He manages
the relationship with the board of customer companies. The customer manager aims to
organize a satisfaction policy, find new prospects, and follow market evolution to opti-
mize the company’s performance through the sale of its products. The industrial manager
coordinates the implementation services, such as those performed by project managers,
electrical managers, or automation managers, thus facilitating the operational actions of
the leaders. The control and coordination of external orders are the responsibility of the
procurement manager. He is in charge of supplier audits and relationships. The human
resource manager is destined for the employee’s management. The financial manager has
to follow accounting and anticipate financial activities. The information park is managed
and maintained by the IT manager. The quality manager is focused on increasing product
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quality, integrating technological innovations to improve products, and controlling the
system. The marketing manager defines the strategic approach with the director and
focuses on new product innovation.

The activity of the company is the realization of installations for the management of
powdery products. Raw materials are stored in three different ways depending on their use:
silos, big bags, and bags. Two types of powder transport are used: mechanical transport
of powder (screw under a tube or vibrating corridor) and pneumatic transport of powder
in suction (vacuum pump, depressor) or discharge (booster). The entire installation is
managed by a supervision system that automates all the equipment. The installations must
be protected against explosions and meet the ATEX standard (a European standard aimed
at identifying the risks of explosion and reducing them for the second time). Figure 7 shows
the stages of the implementation process.
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The project management implementation process includes functional tasks such as
contract review, study and sizing of equipment, study and manufacture of electrical and me-
chanical equipment, production and validation of technical documentation, pre-shipment
control, logistics management, assembly, and start-up.

After a modeling phase of the current situation, which led to the development of
different models in accordance with the conceptual framework for sustainable digital
transformation of the supply chain presented in Section 3, the performance measurement
tool has been exploited to measure the company’s existing situation in terms of cost, time
(lead time, procurement time, dispatching time), quality, level of digital maturity, and
sustainability. The analysis of the existing situation made it possible to identify several
points for improvement, such as the following:

• Predict the results of a more reliable installation by implementing RPA (Robotic Process
Automation) for the iterative processes of managing or processing information.

• Improve the productivity of equipment manufacturing processes through the introduc-
tion of cobots and mobile robots for non-value-added operations and the concentration
of human skills for value-added operations.

• Reduce project margin drifts through the use of information systems and intelligent
forecasting devices.

• Streamline the operational set-up through the use of support devices such as immersive
realities.

• Optimize the logistics service both in terms of the management of the preceding and
subsequent phases as well as that of the transport phase.
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• Improve the productivity of administrative and financial processes by implementing
RPA and using big data, analytics, and cloud computing (SaaS information systems)
to manage the company’s structured and unstructured data.

• Optimize stocks by deploying an intelligent tool for managing store entries and exits.
• Optimize the real-time management of information and decision-making through the

implementation of an IoT network and an effective supervision system.
• Improve the management of innovations and technical tools by focusing on a human-

centered approach.

Some of the points to improve in the process are focused on sustainable aspects and
digital concepts. The methodology described in Section 3 has been the basis for the improve-
ment in the company’s performance. The sustainable (economic, social, and environmental)
and digital criteria outlined above are integrated into the company’s performance mea-
surement. For instance, an urbanization (transformation and improvement of the existing
information system) of the company information system has been decided to complete the
existing software tools of the company by integrating digital aspects such as the Internet of
Things (state of the system) or immersive realities (predictive maintenance procedures), but
also environmental and social aspects, including a decision-aided tool for the right human
and environment-centered transformations.

The next section focuses on how to use the digital twin as a tool to optimize the
company’s supply chain.

4.3. Use Case on the Digital Twin

The development of a digital twin for a company involves the definition of the virtual
representation of its real system, the integration of data in real time (digital shadow),
and the realization of the simulation tool and the decision-aided tool to measure the
company’s performance and suggest improvement. The concepts associated with the
digital transformer (digital twin builder) of the intelligent tool have been exploited for the
following example: The objective is to define a digital twin that could contribute to the
company’s supply chain performance. The system proposed is represented in Figure 8,
with a specific focus on the digital system.

A system of IoTs and connectors allows for linking the physical supply chain to the
digital system for acquiring data in real time. The information system is also connected
to the virtual part to transfer management data. The digital system is composed of a user
interface that manages interactions with the system. The modeling part is used to represent
the existing system, integrating real-time data. The management module contributes to
driving interactions with the information system. The performance module is focused on
the sustainable and digital measurement of company performance by exploring the indica-
tors and the structure presented in Section 3.3. The decision-aided system is composed of
an expert system (rule base, fact base, and inference engine) that allows for the analysis of
data from the company, the detection of inconsistencies, and the proposal of solutions to
implement to increase the company’s performance. The problem solver is composed of
classical and advanced algorithms (deep learning, neural networks, etc.) contributing to
the definition of these adapted solutions. Then, the simulation module allows you to test
the solution that has been chosen for decision-making. The global structure of this adapted,
sustainable digital twin is being developed. This section is focused only on the simulation
module and how the scenarios will increase the company’s performance.

Let us explore how a digital twin (DT) can be used for global supply chain analysis,
focusing on inventory optimization. Inventory, expressed as a percentage of total Moving
Annual Total (MAT) sales, is a key metric for supply chain performance. MAT refers to
the total value of a variable, like sales, over the past year. Companies face a balancing act:
reducing frozen capital by minimizing inventory levels while ensuring sufficient stock to
support sustainable development. Maintaining high inventory levels requires operational
warehouses, which consume resources and generate CO2 emissions. The ideal scenario
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minimizes both frozen capital and environmental impacts. This is where DT comes in. It
can help identify the optimal inventory level that balances these competing goals.
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The object of the research is a company operating on a global scale. The supply chain
works in such a way that semi-finished products are delivered from New Delhi (India),
Hongluzen (China), Shenzhen (China), Warsaw (Poland), and Piła (Poland). This is where
they are assembled and final manufacturing operations take place, and then the finished
final products are sent to Aachen (Germany) and Shenzhen (China).

In this chain, the opportunity to optimize the value of the inventory on each side of the
chain links has been noticed in such a way as to bring significant savings to the company.
In addition, the appropriate determination of stock levels for all materials must ensure
the continuous availability of components needed for production. Optimization involves
the following:

• Causing a decrease in the value of inventory on each side, from sub-products to
final products;

• Improvement of cash flows within the company’s operations;
• Reducing obsolete inventory;
• Reducing the risk of shortages of materials and components in the End2End approach;
• Optimize warehouse space utilization across the entire supply chain, freeing up valu-

able floor space for other purposes.

The following general objectives of the optimization project have been defined:

• Preparation of several scenarios showing the possibility of reducing the value of
inventories in the End2End approach using the digital twin solution;

• Ensuring 100% availability of materials and components on both sides of the supply
chain (wires, coils, torches);

• Calculation and proposal of the EOQ—Economy Order Quantity indicator.
• The main objective was defined for the conducted experiments—the preparation

of a scenario showing the maximum possible reduction of inventories in the entire
supply chain—to focus on semi-final products in Piła (Poland) while ensuring 100%
availability of materials and components on both sides of the supply chain.
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Figure 9 shows the flow of materials in the supply chain along with delivery times. In
this chain, deliveries are carried out in the first phase by truck transport to airports (Xiamen,
Chengdu), from where they fly by air cargo to Warsaw. In the case of deliveries from
India, the air phase is divided into a flight to New Delhi, then Europe (Koeln, Frankfurt,
or Amsterdam), where the air cargo is transshipped to Warsaw. The final phase for Piła is
carried out by truck.
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In both cases (Figures 11 and 12), the order points are marked with black dots at
the top of the drawings. Similar experiments were performed for products using P3
and P4 intermediates. The results of the savings achieved are presented in Table 5. The
presented results are the final summary results obtained after statistical analysis, which
were expertly validated by experts of the international company on whose behalf the project
was carried out.

Significant savings have been achieved. The conclusions of this project are a positive
impulse for the company to undertake optimization activities using simulation technologies
that create digital twins of the supply chain.

Table 5. Summary of results from conducted experiments along with savings amounts.

Semi-Finished
Product

Min stock Level
(Meters)

Real Average
Stock

Simulated
Average Stock
Level (Meters)

Exceeded Stock
Value kEuro

A1 270,000 7550,000 4200,000 4824.00

E1 70,000 878,000 330,000 2220.00

A2 12,600 80,000 39,000 1110.00

E2 50,000 191,500 108,500 3170.00

Total 11,324.00

Leveraging digital twins and simulating various scenarios allows us to predict
the following:

• Safety stock level at our side.
• Safety stock level at the supplier and customer sides.
• Number of orders that must be placed per week/month/quarter.
• Amount of material, which must be taken per order.
• Exact time when the order must be placed.

The benefits of digital twin as the company’s digital transformation solution corre-
spond to the following:

• A quick analysis of stock values in the End2End approach (supplier—customer)
• Easy recalculation of new stock levels at different sites based on new demand

from customers.
• A very good control of stock level value.
• The possibility of reducing the stock value.

This digital twin use case exemplifies how it can be used as a company’s digital
transformation tool.

This section shows how good practices could increase the company’s sustainable
performance, the exploitation of the concepts and tools developed in this paper for opti-
mizing a company, and the presentation of simulation contributions through scenarios in
decision-making. Building on the insights from these best practices and use cases, the next
section will delve deeper into the sustainable optimization framework outlined in Figure 11.
This will equip Supply Chain Managers 5.0 with the necessary tools for successful supply
chain transformation.

5. Results and Discussion

Section 4.1 on sustainability practices gives examples of how these initiatives could be
exploited in the company’s supply chain’s sustainable digital transformation to increase its
performance. Specifically, two main areas have been targeted, i.e., the circular economy
and decarbonizing transport. The presented practices in the circular economy show that
cutting-edge companies can develop new business models to reduce their raw material
or component requirements, thus cutting their costs as well as their dependence on new
primary resources. Furthermore, these sustainability practices have additional social
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benefits since they create new jobs and reduce the use of hazardous materials that can harm
both people’s health and the environment. Finally, they relax the tension on the planet by
alleviating the pressure on new material extraction for manufacturing processes as well
as on landfill sites. Concerning good practices related to decarbonizing logistics, several
measures have been compiled that are aimed at reducing the transport intensity of the
economy, the energy intensity of transport, and the carbon footprint of energy.

Section 4.2 on optimization focuses on presenting a case that illustrates the use of
Industry 4.0 concepts combined with sustainability to optimize and digitally transform the
company’s supply chain performance.

Section 4.3. on the digital twin presents a zoom on one of the Industry 4.0 concepts to
show how it could be an aided tool to optimize the company supply chain. The digital twin,
more than a digital shadow focused on transmitting the physical data to the virtual system
in real time, also integrates a decision-supporting tool to test scenarios and propose to the
physical system the best organization to optimize its performance. This decision-aided
tool is based on expert systems (knowledge as rules) and AI algorithms (deep learning) to
solve problems. New technologies (IoTs) contribute to linking both systems and testing
the company’s performance before investing in the physical system. In addition, it could
provide scenarios of optimization results that will contribute to the company’s decision-
making process.

Based on the results of these three parts, a framework has been developed (see
Figure 13) to support the supply chain manager in becoming a Supply Chain Manager 5.0,
as suggested by [93] for HR managers. This executive must integrate new technologies and
tools to help transform the business and use sustainability as the core of the transformation,
as described in Figure 13. The sustainable digital transformation of the supply chain has
been described in three axes. Good structuring of decisions at the operational, tactical,
and strategic levels corresponds to the decision transformation axis. The functional and
physical transformations axis allows the manager to physically transform the supply chain
processes. And the digital transformation axis integrates the physical supply chain, infor-
mation systems, and new technologies that will improve business performance. The digital
twin and the optimization use cases confirm the improvement in business performance
through the transformation methodology.
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Indeed, the Supply Chain Manager 5.0 described in the previous figure needs a dash-
board to measure the performance of his/her service. Figure 14 represents an illustration of
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the performance dashboard structure required for sustainable, digital, and optimal supply
chain management.
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Figure 14. The performance dashboard (adapted from [93]) of the Supply Chain Manager 5.0. (source:
own work).

The main criteria of this dashboard are related to supply chain management and opti-
mization fundamentals, ethics, sustainability, and digital supply chain management. The
parameters to use for adjusting sustainable, digital, and optimal supply chain management
are as follows:

• The planning and control, the global organization, the supply chain coordination, and
its monitoring for the basics of supply chain management;

• Justice, social responsibility exemplarity, mutual trust, and respect for others in the
frame of ethics;

• Social equity, preservation of the environment, and economic efficiency for sustainable
management;

• New technologies, agility, structural minding, and AI tool exploitation for digital
supply chain management.

Good sustainability practices can provide parameters for implementing sustainable
supply chain transformation.

6. Conclusions

Globalization means that companies have to solve problems in their supply chains
such as transport optimization (traffic flow optimization, congestion management, last-
mile deliveries), distribution reorganization (omnichannel or multichannel distribution),
production management (process flow optimizations, quality cost and lead time optimiza-
tions), and procurement management (supplier relationship management, just-in-time
procurement, cost reduction). But globalization has also induced an economic advantage
for companies in emerging countries because of the low cost of labor. Indeed, the volatility
of oil prices has changed the balance between production costs and distribution costs, but
the changes are the same for all companies and have not decreased this advantage. Thus,
the classical optimization tools that had been defined for solving the problems presented
above are insufficient to solve the company’s new challenges. Industry 4.0 concepts such
as AI, the Internet of Things, or digital twin appear as the solution to boost developed
countries’ competitiveness and rebalance. Despite their success in large enterprises for their
digital transformation to improve business performance, their utilization continues to be
limited in SMEs because of factors such as cost, knowledge, and fear of new technologies.
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The state of the art in sustainability, optimization, and digital twins is thoroughly
reviewed in this paper. It also presents a conceptual framework to support sustainable
supply chain management and digital transformation. Indeed, this framework considers
that classical optimization methods have to be completed with the use of new technologies
and guided by sustainability aspects to adapt company optimization to the new global
context that involves taking care of the planet and people. Then, the company’s sustainable
and digital transformation will improve business performance by guiding it through each
step of its transformation in accordance with the company’s economic capacity, social
expectations, and environmental objectives. The mathematical model covering environ-
mental, social, and economic perspectives is described in the paper. The resolution of this
multi-criteria model required the use of advanced algorithms (AI techniques) in addition
to classical ones to find the most accurate solution to the SME problem.

Several examples of this methodology and tool exploitation have also been intro-
duced. The first focuses on describing sustainability best practices to improve business
performance. These practices help reduce the need for new primary resources, improve
air quality, congestion, and fuel consumption, while increasing customer and community
satisfaction. Moreover, this possibility reinforces the brand image of the firms in the eyes
of the customers, allowing companies and their supply chains to enhance sales, market
share, and profitability. The second example aims to show the exploitation of the concepts
and methodology that have been presented in the paper. Each step of the company’s
transformation was illustrated through this example. The third example shows the use of
the digital twin to improve business performance. Specifically, it explains how the digital
twin can be used to solve a particular problem in the company’s supply chain processes.

Finally, based on the results of the previous three examples, the structure of a perfor-
mance measurement tool to evaluate supply chain managers’ decisions was presented. It
provides an adapted framework and performance dashboard to support Supply Chain Man-
ager 5.0. These global concepts have been introduced in Section 5 and will be co-created,
detailed, and tested by a panel of supply chain managers who will agree to contribute to
this definition. The next step of this research will be to develop an open tool integrating all
the concepts presented in this paper, available to companies wishing to use the optimization
methodology to transform their supply chain processes.
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