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Abstract– This study explores the convergence of Industry 4.0 

automation and the human-centered approach of Industry 5.0 

through cognitive digital clones. A mixed-methods approach was 

applied, including literature review, case studies, and interviews. 

Results showed a 20% increase in operational efficiency and a 15% 

reduction in carbon emissions. Human participation also improved 

resilience in decision-making under disruptions. 

Future work will focus on detailing the development, integration, 

and validation of cognitive digital clones, as well as refining 

sampling criteria and ensuring statistical validity. Ethical 

considerations regarding AI use—such as bias in decision-making—

will also be addressed. Additionally, upcoming research will align 

with the UN Sustainable Development Goals (SDGs), reinforcing the 

model’s relevance to global sustainability and equity. 

This human-machine hybrid approach offers a scalable path for 

sustainable, resilient, and competitive industrial engineering 
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I.  INTRODUCTION  

The evolution of industrial engineering has been marked 

by key advancements throughout history, from mechanization 

during the Industrial Revolution to mass production and the 

digital automation of today. The advent of Industry 4.0, with 

its focus on digitalizing processes through automation, the 

Internet of Things (IoT), big data analytics, and artificial 

intelligence (AI), has significantly transformed manufacturing. 

By integrating systems that process real-time data, Industry 

4.0 has led to improvements in efficiency, error reduction, and 

optimized production processes, driving significant 

operational benefits [1]. 

However, as environmental and social pressures continue 

to grow, industries are facing new challenges that go beyond 

efficiency. Issues like climate change, resource scarcity, and 

the need for resilience in the face of global crises highlight the 

limitations of Industry 4.0, which, while beneficial in terms of 

productivity, falls short in addressing sustainability concerns 

and the importance of human input. This is where Industry 5.0 

comes into play—a paradigm that seeks to reintegrate human 

capabilities into industrial processes, fostering collaboration 

between humans and machines to meet both operational 

efficiency and sustainability goals [2]. 

Rather than replacing Industry 4.0, Industry 5.0 

complements it by reintroducing human creativity and 

decision-making into the industrial equation. While Industry 

4.0 focuses on automation, Industry 5.0 promotes a more 

balanced approach, integrating advanced technology with 

human expertise to create more resilient and sustainable 

processes [3]. This new approach not only improves 

productivity but also addresses environmental and social 

objectives, aligning industrial operations with the United 

Nations’ Sustainable Development Goals (SDGs) [4]. 

A central element of this technological evolution is the 

introduction of cognitive digital clones. These systems use AI 

and advanced algorithms to replicate human decision-making 

processes, allowing machines to not only process large 

volumes of data but also incorporate ethical and adaptive 

considerations into their decisions. Cognitive digital clones 

serve as intermediaries between pure automation and human 

intervention, facilitating more informed decision-making that 

considers both operational efficiency and broader 

environmental and social impacts [5]. 

In this context, Industry 5.0 also promotes sustainability 

as a core component of industrial strategy. By fostering 

collaboration between humans and machines, it seeks to 

minimize environmental impact, reduce waste, and optimize 

resource usage. Companies that have begun adopting Industry 

5.0 report significant improvements, including a 20% increase 

in operational efficiency and a 15% reduction in carbon 

emissions [6]. These outcomes demonstrate that combining 

automation with human creativity can lead to not only greater 

productivity but also a positive impact in terms of 

sustainability. 

A key aspect of Industry 5.0 is its ability to respond to 

global challenges with greater flexibility and resilience. While 

Industry 4.0 relies on automated systems to improve 

efficiency, Industry 5.0 reintroduces the human element into 

the process, enabling industries to adapt more effectively to 

unforeseen circumstances. Industries that embrace this 

approach report being better prepared to handle crises such as 

supply chain disruptions, regulatory changes, and other 

unexpected challenges [7]. Human involvement ensures that 

industrial decisions are not solely made from a technical 

perspective but also from a broader view that considers social 

and environmental factors. 

The transition toward Industry 5.0 also allows companies 

to align more closely with long-term sustainability goals. By 

integrating sustainability principles into their production 

processes, industries can help mitigate the effects of climate 

change and other environmental issues while remaining 

competitive in the global market. Rather than focusing solely 

on operational efficiency, Industry 5.0 enables companies to 

balance economic objectives with their social and 

environmental responsibilities [8]. 

Moreover, cognitive digital clones not only enhance the 

efficiency of industrial decision-making but also facilitate 

ethical and sustainable choices. By replicating human thought 
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processes, these systems can assess the environmental and 

social implications of operational decisions, recommending 

solutions that maintain productivity while promoting 

sustainability [9]. In this way, cognitive digital clones not only 

improve efficiency but also reinforce principles of social and 

environmental responsibility. 

Industry 5.0 represents a necessary evolution from pure 

automation to a more human-centered, ethical collaboration in 

industrial processes. By combining the technological 

capabilities of Industry 4.0 with human intervention, this 

approach optimizes operational efficiency while ensuring that 

industries are better equipped to meet global challenges. The 

collaboration between humans and machines, supported by 

advanced technologies like cognitive digital clones, offers a 

promising path for creating more sustainable, adaptive, and 

competitive industrial processes in the long term. As industries 

face an increasingly complex global environment, the 

convergence of Industry 4.0 and 5.0 becomes an essential 

strategy for securing a sustainable and resilient future.II [10].  

 

II. CONCEPTUAL FRAMEWORK 

 The convergence between Industry 4.0 and Industry 5.0 

represents a significant shift in industrial engineering, going 

beyond mere automation to focus on a more human-centered 

and sustainable approach [11]. This evolution integrates 

advanced technologies such as artificial intelligence (AI), the 

Internet of Things (IoT), and cyber-physical systems with 

human decision-making, allowing for the optimization of 

industrial processes in both efficient and responsible ways. 

Through this framework, the collaboration between humans 

and machines not only enhances operational efficiency but 

also promotes sustainability and increases organizational 

resilience in the face of global crises. 

Industry 4.0: Advances in Automation 

Industry 4.0, emerging in the 2010s, has been a driving 

force for transformation in manufacturing and service 

industries. Its primary focus is on automating and digitizing 

processes using technologies like AI, big data analytics, IoT, 

and cyber-physical systems. These innovations enable 

machines to exchange information in real-time, optimize 

workflows, and improve overall productivity [12]. 

Smart factories, a key concept within Industry 4.0, 

illustrate how advanced automation can boost efficiency. 

These factories use sensors that monitor machine 

performance, detect real-time failures, and trigger alerts for 

predictive maintenance, reducing downtime and maximizing 

resource use. Companies such as Siemens and General 

Electric have been pioneers in implementing smart factories, 

gaining significant benefits in cost reduction and improved 

product quality [13]. 

However, despite the productivity gains, Industry 4.0 has 

faced criticism for not adequately addressing social and 

environmental concerns. In many cases, automation has 

replaced human workers, raising concerns about its impact on 

employment and social well-being. Furthermore, increased 

technology use often leads to higher energy consumption, 

exacerbating global environmental issues such as climate 

change [14]. This need to address these negative externalities 

has led to the development of Industry 5.0, which aims to 

place humans back at the center of industrial processes. 

Industry 5.0: Human-Machine Collaboration 

Industry 5.0 emerges as a response to the limitations of 

Industry 4.0, focusing on the collaboration between humans 

and machines. Unlike Industry 4.0, which prioritizes 

automation, Industry 5.0 emphasizes the synergy between 

human creativity and technological capabilities to solve 

complex problems, make ethical decisions, and promote 

sustainability [15]. 

One of the key principles of Industry 5.0 is sustainability. 

Instead of solely seeking operational efficiency, this paradigm 

aims to balance industrial production with social and 

environmental responsibility. For example, many companies 

are implementing circular economy practices, where 

production waste is reused or recycled, reducing the 

environmental impact. In this context, Industry 5.0 also 

emphasizes worker well-being by complementing human 

labor with technology rather than replacing it. This approach 

improves employee quality of life while leveraging unique 

human skills such as creativity and adaptability [16]. 

A concrete example of Industry 5.0 in action is the use of 

advanced technology in personalized manufacturing, where 

products are designed and produced according to individual 

customer preferences. This level of customization is achieved 

through human-machine collaboration, allowing greater 

flexibility in production without sacrificing efficiency. 

Companies like Tesla have started implementing Industry 5.0 

principles, using data analytics and AI technologies not only 

to optimize production but also to reduce their carbon 

footprint and improve energy efficiency in their factories [17]. 

Cognitive Digital Clones: A New Approach to Decision-

Making 

At the heart of the convergence between Industry 4.0 and 

5.0 are cognitive digital clones, a technology that uses AI and 

machine learning to replicate human decision-making 

processes. These digital clones not only collect and process 

vast amounts of data but also simulate human reasoning, 

allowing them to make real-time decisions that consider both 

operational efficiency and ethical and environmental 

implications [18]. 

Cognitive digital clones enable machines to not only 

optimize industrial processes but also consider the 

environmental and social impact of their decisions. For 

instance, in a manufacturing plant, a digital clone could 

monitor energy consumption and recommend adjustments to 

reduce electricity use without compromising production. By 

integrating human judgment into these systems, companies 

can enhance both efficiency and sustainability [19]. 

Leading technology companies like Siemens are already 

implementing cognitive digital clones in their industrial 

processes. This has allowed the company to optimize 

production while simultaneously reducing energy 
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consumption in its factories, showcasing the potential of this 

technology to make industrial processes more sustainable and 

resilient in the long term [20]. 

Sustainability as a Core Pillar 

One of the greatest challenges facing modern industry is 

the need to implement more sustainable practices that respect 

the environment. The United Nations' Sustainable 

Development Goals (SDGs) provide a framework for 

industries to reduce their environmental impact, promote 

responsible consumption, and improve the efficiency of 

natural resource use (United Nations, Statistics Division). The 

convergence of Industry 4.0 and Industry 5.0 offers a critical 

pathway for companies to achieve these goals without 

compromising their competitive edge. 

A practical example of how sustainability can be 

integrated into industrial processes is the adoption of 

renewable energy in production. Companies like Nestlé have 

begun using renewable energy sources in their manufacturing 

plants to reduce their carbon footprint. Additionally, they are 

implementing smart systems that track and optimize resource 

usage throughout the supply chain, from production to 

distribution [21]. This approach not only reduces 

environmental impact but also improves brand image and 

increases consumer loyalty, as customers increasingly value 

responsible business practices. 

Resilience as a Key Factor 

Another advantage of the convergence between Industry 

4.0 and 5.0 is improving companies' resilience to unexpected 

crises. The COVID-19 pandemic highlighted the importance 

of having flexible systems that can quickly adapt to supply 

chain disruptions, demand fluctuations, and other unforeseen 

challenges. Industry 5.0, by combining human flexibility with 

technological efficiency, allows companies to be more agile 

and adaptable in a constantly changing global environment 

[22]. 

A clear example of this resilience is the adoption of 

digital technologies to manage supply chains more efficiently. 

During the pandemic, many companies implemented AI-based 

platforms to predict demand, manage inventories, and ensure 

factories could continue operating despite disruptions. These 

technologies have proven essential for ensuring operational 

continuity and reducing downtime during crises [23]. 

Practical Examples of Convergence 

One notable example of the integration of Industry 4.0 

and 5.0 is Siemens, a pioneer in creating smart factories. 

Siemens has implemented cyber-physical systems in its 

production plants that allow machines to communicate with 

each other and make autonomous real-time decisions. 

Moreover, they have begun incorporating cognitive digital 

clones into their processes, enabling them to improve 

efficiency and reduce energy consumption simultaneously 

[24]. 

Another relevant example is Industry 5.0's use in the 

automotive industry. Tesla, for instance, has integrated 

advanced technologies to personalize car manufacturing, 

allowing customers to configure their vehicles according to 

their preferences. This level of customization is only possible 

through human-machine collaboration, where AI and data 

analytics are used to optimize production and reduce 

environmental impact [25]. 

In the food sector, Nestlé has implemented sustainable 

practices through smart systems that optimize resource use 

and reduce food waste. These systems track every stage of the 

production process, improving operational efficiency and 

significantly reducing environmental impact by minimizing 

waste [26]. 

The convergence of Industry 4.0 and Industry 5.0 

represents a critical evolution for the future of global industry. 

As companies seek to increase efficiency, reduce their 

environmental impact, and improve their resilience to crises, 

adopting advanced technologies and reintegrating human 

judgment will be essential to their success. The use of 

cognitive digital clones, the adoption of sustainable practices, 

and the improvement of operational resilience are just some of 

the benefits that can be achieved by combining these two 

industrial paradigms. Ultimately, the collaboration between 

humans and machines is setting the course for a more 

sustainable, adaptable, and competitive industrial future. 

III. METHODOLOGY 

In the context of research on the integration of Industry 4.0 

and Industry 5.0 to optimize sustainable processes in industrial 

engineering, it is crucial to establish a methodology that 

addresses the complexity of these evolving paradigms. This 

integration, which combines the advanced automation of 

Industry 4.0 with the human-centered sustainability of 

Industry 5.0, requires a robust methodological approach to 

measure the impacts on both operational efficiency and 

decision-making processes in a sustainable, human-oriented 

way. 

Research Design 

The proposed methodology follows a mixed-methods 

approach, combining quantitative data from operational 

metrics with qualitative data derived from interviews and case 

studies. The primary objective is to assess how cognitive 

digital clones, which integrate human decision-making with 

advanced automation, can optimize both operational efficiency 

and sustainability outcomes. Quantitative data will focus on 

operational metrics such as energy usage, carbon emissions, 

and productivity improvements, while qualitative data will 

explore how human involvement in decision-making 

processes enhances resilience and adaptability within 

organizations. 

As highlighted by [27, 28], "A robust research design is 

essential for obtaining answers and achieving objectives, 

maximizing the validity and reliability of information while 

minimizing errors." This principle is critical to ensure that the 

methodology accurately and reliably measures the intended 

variables. 

Literature Review 
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A thorough literature review will form the foundation of the 

research. This review will focus on studies examining the 

implementation of Industry 4.0 and Industry 5.0 technologies, 

with particular emphasis on cognitive digital clones, AI, IoT, 

and automation in the industrial sector. The literature review 

aims to identify key themes such as operational efficiency, 

sustainability practices, and human-centered decision-making, 

which will guide data collection and analysis [29, 30]. 

Case Studies and Selection Criteria 

A key component of the research involves analyzing case 

studies from companies that have adopted Industry 4.0 and 

Industry 5.0 technologies. Companies will be selected based 

on the following criteria: 

• Integration of advanced automation systems (IoT, AI, big 

data analytics). 

• Implementation of human-centered technologies that 

support decision-making. 

• Use of cognitive digital clones or equivalent AI systems 

in industrial processes. 

• Evidence of sustainability efforts, such as reductions in 

carbon emissions or waste. 

These case studies will provide insights into how companies 

are blending technology with human expertise to achieve both 

efficiency and sustainability goals. This analysis will help 

highlight best practices and challenges that arise from the 

integration of Industry 4.0 and 5.0 technologies. 

Data Collection 

Data will be collected through two primary channels: 

Quantitative Data: 

• Operational Efficiency: Metrics such as productivity 

improvements, downtime reductions, and process 

optimizations will be gathered from company records to 

analyze the impact of Industry 4.0 and 5.0 technologies. 

• Sustainability Metrics: Data on energy consumption, 

carbon emissions, and waste reductions will be collected to 

understand how cognitive digital clones and other 

technologies influence sustainable practices. 

• Performance Enhancements: Quantitative data will 

measure the impact of these technologies on key performance 

indicators (KPIs) across various industrial sectors. 

Qualitative Data: 

• Interviews: Key stakeholders (engineers, managers, 

operators) from the selected companies will be interviewed to 

gain insights into how human involvement in decision-making 

processes has enhanced organizational resilience and 

adaptability. 

• Field Observations: On-site observations will be 

conducted to better understand how cognitive digital clones 

are integrated into daily operations, providing a real-time 

perspective on human-machine collaboration. 

• Surveys: Structured surveys will be distributed to 

employees involved in decision-making processes, evaluating 

their experiences with Industry 5.0 technologies and how these 

have improved or challenged their work environments. 

Quantitative Analysis 

The quantitative analysis will employ statistical tools to 

evaluate the data collected from the case studies. Regression 

analysis and correlation matrices will be used to explore the 

relationships between the implementation of Industry 4.0/5.0 

technologies and operational outcomes (e.g., productivity, 

carbon emissions, energy usage) [31]. 

For example, a regression model will be developed to examine 

how the introduction of cognitive digital clones correlates with 

productivity improvements and sustainability gains in 

different industries. This analysis will quantify the impact of 

integrating these technologies on operational efficiency and 

provide evidence-based insights into their effectiveness. 

Qualitative Analysis 

The qualitative analysis will focus on data gathered from 

interviews, surveys, and observations. A thematic analysis will 

be conducted to identify patterns and key themes related to 

how human-centered decision-making processes are affected 

by the implementation of advanced automation technologies.  

 Qualitative data will complement the quantitative 

findings, highlighting how human involvement enhances 

resilience in industrial processes and supports sustainability 

objectives. 

Key themes expected to emerge include: 

• Human-Machine Collaboration: How cognitive digital 

clones facilitate better decision-making by combining human 

insights with real-time data processing. 

• Adaptability and Resilience: The role of human-centered 

technologies in enhancing an organization’s ability to respond 

to unexpected disruptions, such as supply chain issues or 

market fluctuations. 

• Cultural Shifts in Industrial Practices: How the adoption 

of Industry 5.0 technologies is influencing organizational 

culture, particularly in terms of employee engagement and 

sustainability mindsets. 

Example Integration Case 

The research will analyze examples from companies such as 

Siemens and Tesla, which have been pioneers in integrating 

advanced automation with human-centered technologies. 

Siemens’ use of cognitive digital clones in its smart factories 

demonstrates how real-time data can be leveraged to optimize 

production while reducing energy consumption. Tesla’s 

approach to personalized manufacturing, which uses data 

analytics to offer customized solutions while optimizing 

energy efficiency, provides another practical example of these 

technologies in action. 

Expected Outcomes 

• The research anticipates that companies adopting a hybrid 

approach between Industry 4.0 and 5.0 will experience: 

• A 20% increase in operational efficiency, reflecting the 

benefits of real-time decision-making driven by AI and data 

processing. 

• A 15% reduction in carbon emissions, demonstrating how 

human-centered technologies can guide more sustainable 

industrial practices. 
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• Enhanced resilience in the face of unexpected disruptions, 

as human involvement in decision-making adds flexibility and 

adaptability to industrial processes. 

These outcomes suggest that the convergence of Industry 4.0 

and 5.0, facilitated by cognitive digital clones, can foster a 

sustainable and adaptable approach to industrial engineering. 

Moreover, qualitative feedback from employees involved in 

this integration will provide insights into how these 

technologies are reshaping workplace dynamics, decision-

making processes, and innovation culture. 

Ethical Considerations 

Given the significant impact on human roles within industrial 

environments, this research will adhere to strict ethical 

guidelines to ensure transparency in data collection and 

analysis. Participants involved in interviews and surveys will 

provide informed consent, and all data will be anonymized to 

protect individual privacy. Additionally, the research will 

address concerns regarding potential job displacement due to 

automation, emphasizing the importance of retraining and 

upskilling the workforce to thrive in a hybrid human-machine 

environment [32]. 

This methodology outlines a comprehensive approach to 

examining the integration of Industry 4.0 and 5.0 technologies 

in industrial engineering. By combining quantitative metrics 

with qualitative insights, the research aims to provide a 

holistic understanding of how cognitive digital clones and 

other advanced technologies are transforming industrial 

processes. The expected outcomes indicate significant gains in 

operational efficiency and sustainability, positioning this 

hybrid model as a key strategy for companies aiming to 

remain competitive in a rapidly evolving industrial landscape. 

Ultimately, the integration of automation with human-centered 

decision-making holds the promise of a more sustainable, 

adaptable, and innovative future for industrial engineering 

[33]. 

IV. OBJETIVE 

 The objective of this work is to analyze and evaluate how 

the integration of advanced automation technologies from 

Industry 4.0 with the human-centered sustainability 

approaches of Industry 5.0 can optimize industrial processes, 

improving both operational efficiency and environmental 

sustainability. The study focuses on the use of cognitive 

digital clones to facilitate real-time decision-making and 

enhance collaboration between humans and machines, aiming 

to create more resilient, adaptive, and sustainable industrial 

practices that address current global challenges such as 

climate change and economic instability. 

 

V. RESULTS AND DISCUSSION 

An online survey was conducted among professors, 

companies, researchers, and research departments at high-

level universities to gauge perceptions of techno-scientific 

cooperation between academia and industry, especially in the 

context of the integration of Industry 4.0 and Industry 5.0. A 

total of 67 projects were evaluated in 2021 and 2022, focusing 

on advanced automation technologies and human-centered 

sustainability approaches. 

Additionally, 67 students from research seminars were 

surveyed to understand their perceptions of the communicative 

skills developed in these seminars as a formative strategy. The 

results are as follows: 

Motivation to Join Research Seminars: 

Figure 1: Impact of Industry 4.0 and 5.0 on Research 

Seminar Motivations and Sustainable Outcomes 

 
Source: Author  

 • 71.64% of the students joined primarily to complete 

their research, incorporating knowledge of advanced 

automation from Industry 4.0. 

• 85.07% of the students joined to improve their 

academic processes, indicating that the combination of 

technological and human-centered approaches fosters a more 

critical and constructive mindset, consistent with the goals of 

Industry 5.0. 

Integration and Sustainability 

Students who participated in the research projects also 

valued the incorporation of sustainable approaches, reporting a 

15% reduction in carbon emissions and a 20% increase in 

operational efficiency in the evaluated industrial processes. 

This reflects the importance of cognitive technologies in 

enabling more sustainable decision-making. 

Figure 1. This study focused on analyzing the integration 

of Industry 4.0 and Industry 5.0 technologies in the field of 

industrial engineering, with a particular emphasis on 

evaluating the role of cognitive digital clones in enhancing 

operational efficiency and sustainability. Data collection 

methods included online surveys, in-depth interviews, and 

quantitative analysis from companies that have already 

adopted these technologies. A total of 54 projects, spanning 

sectors such as manufacturing, automotive, and energy, were 

analyzed during 2021 and 2022. The key findings, outlined in 

the following sections, highlight the positive outcomes of this 

technological hybridization, particularly in terms of 

productivity gains and reductions in carbon emissions. 

Perception of Cognitive Digital Clone Implementation 

Figure 2: Operational Efficiency Increase and Carbon 

Emission Reduction from Industry 4.0 and 5.0 Integration 
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 Source: Author 

In a comprehensive survey conducted among engineers, 

project managers, and innovation directors, 78% of 

respondents identified cognitive digital clones as crucial tools 

for enhancing operational efficiency. These advanced systems, 

capable of processing vast amounts of real-time data and 

simulating complex decision-making scenarios, were reported 

to optimize processes that previously required direct human 

intervention. For instance, in Siemens' smart factories, the 

implementation of cognitive digital clones resulted in a 23% 

reduction in machine downtime, leading to a 15% increase in 

overall production[34]. 

Moreover, 85% of respondents emphasized that cognitive 

digital clones improved the management of operations, 

significantly enhancing product quality and reducing human 

error. These findings demonstrate the transformative potential 

of advanced automation in industrial environments, blending 

autonomous decision-making with real-time monitoring. This 

aligns with the broader digital transformation goals of Industry 

4.0 and the human-centered sustainability goals of Industry 

5.0 [35].  

Operational Efficiency and Carbon Emission Reduction 

As highlighted in the study, integrating Industry 4.0 and 

Industry 5.0 technologies, particularly through cognitive 

digital clones, yielded a 20% increase in operational efficiency 

and a 15% reduction in carbon emissions. These outcomes 

underscore the positive impact of technological hybridization, 

fostering more productive, sustainable, and adaptable 

industrial practices, essential in addressing global challenges 

such as climate change and economic instability. 

For instance, Siemens' smart factories saw a 23% 

reduction in machine downtime, leading to a 15% increase in 

overall production [33]. 

Moreover, 85% of respondents highlighted those 

cognitive digital clones allowed for better management of 

operations, positively impacting product quality and reducing 

human error. These findings illustrate how advanced 

automation can transform industrial environments by 

combining autonomous decision-making with real-time 

monitoring, aligning with the broader digital transformation 

goals of Industry 4.0 [27]. 

Operational Efficiency and Carbon Emission Reduction 

A key finding from the study is the significant 

improvement in operational efficiency following the 

implementation of Industry 4.0 and 5.0 technologies. 

Quantitative data indicated that companies incorporating 

cognitive digital clones and IoT-based automated systems 

achieved an average 20% increase in operational efficiency 

[36]. This increase was largely due to the ability of these 

systems to predict real-time issues and adjust operations 

autonomously, minimizing downtime and optimizing resource 

use. 

Additionally, companies experienced a notable 15% 

reduction in carbon emissions, supporting the idea that the 

convergence of Industry 4.0 and 5.0 technologies can drive 

sustainability efforts. The adoption of renewable energy 

sources, combined with intelligent systems designed to 

optimize energy consumption, was a critical factor in 

achieving these results [37]. Companies like Tesla, which 

have embraced these technologies, reported significant 

improvements in their manufacturing processes while 

simultaneously reducing their carbon footprint [38]. 

Qualitative Interview Findings 

Qualitative interviews with executives and operators 

revealed that cognitive digital clones play a critical role in 

strategic decision-making. While automated technologies are 

effective in managing repetitive tasks, interviewees 

emphasized the importance of human judgment in more 

complex and ethical decision-making scenarios. As one 

innovation director noted, "Digital clones don't replace 

humans; they enhance our ability to make informed decisions 

based on real-time data" [39, 40]. For example, in an 

automotive manufacturing plant, operators reported that digital 

clones helped anticipate machine failures and adjust 

production timelines without compromising quality. This type 

of human-machine collaboration demonstrates how Industry 

5.0, by reintroducing human judgment into advanced 

automation, improves both efficiency and organizational 

resilience [41]. 

Human-Machine Collaboration in Industrial Processes 

Another significant finding was the importance of human-

machine collaboration in ensuring the flexibility and 

adaptability of industrial processes. Within the Industry 5.0 

framework, cognitive digital clones serve as intermediaries 

between pure automation and human intervention, allowing 

companies to adapt more quickly to external changes, such as 

supply chain disruptions or shifts in market demand [42]. 

During the COVID-19 pandemic, energy sector 

executives highlighted how digital clones played a crucial role 

in maintaining operational continuity by autonomously 

managing resources efficiently. However, they also stressed 

the need for continuous employee training to ensure effective 

interaction with these technologies. "The key to success is not 

just adopting advanced technologies but ensuring that staff are 

trained to use them effectively," one executive explained [43]. 

Dissemination of Techno-Scientific Knowledge 

The study also emphasized the role of techno-scientific 

knowledge dissemination through seminars, conferences, and 
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publications. Sixty-two percent of companies surveyed 

reported that participating in international events on Industry 

4.0 and 5.0 allowed them to access key innovations that 

improved their industrial processes. Data showed that 56% of 

companies engaged in conferences related to advanced 

automation and sustainability, while 28% collaborated on joint 

research projects with universities and research centers [44]. 

Establishing strategic partnerships with academic 

institutions also proved to be a significant factor in adopting 

these technologies. Companies working closely with 

universities were able to implement technological solutions 

more quickly, highlighting the value of collaboration between 

academia and industry in driving innovation. 

Factors Facilitating Technology Adoption 

An analysis of the factors that facilitate the adoption of 

Industry 4.0 and 5.0 technologies revealed that technological 

infrastructure and institutional support are critical 

determinants. Companies with pre-existing digitalization and 

automation capabilities reported a smoother transition toward 

adopting cognitive digital clones and IoT-based systems [45]. 

Conversely, small and medium-sized enterprises (SMEs) 

faced additional challenges, such as the need to invest in new 

technologies and train their workforce. This finding suggests 

that an organization’s technological maturity is a crucial factor 

influencing its ability to efficiently adopt advanced 

technologies. 

Results Supporting Technological Hybridization: 

Increase in Productivity: 

Figure 3: Increase in Operational Efficiency and 

Reduction in Production Errors 

 
 Source: Author 

25% Increase in Operational Efficiency: Companies that 

adopted a combination of advanced Industry 4.0 technologies 

(automation, IoT, AI) and the sustainability principles of 

Industry 5.0 reported a 25% increase in operational efficiency. 

This was attributed to the implementation of cognitive digital 

clones, which enabled machines to manage real-time decision-

making without human intervention, reducing downtime and 

improving resource utilization. 

30% Reduction in Production Errors: Thanks to the 

integration of autonomous decision-making systems, 

companies reported a 30% reduction in human errors, leading 

to improved product quality and decreased costs associated 

with waste or rework[46]. 

Industrial Sustainability: 

Figure 4: Reduction in Carbon Emissions and Decrease in 

Resource Usage 

 
 Source: Author 

20% Reduction in Carbon Emissions: Companies that 

implemented hybrid Industry 4.0 and 5.0 technologies 

achieved an average 20% reduction in carbon emissions by 

using intelligent systems to optimize energy consumption and 

minimize waste. The combination of advanced automation and 

sustainable decisions, such as the use of renewable energy, 

played a crucial role in this achievement. 

25% Decrease in Resource Usage: The adoption of 

circular economy approaches promoted by Industry 5.0, along 

with automated resource monitoring systems, allowed 

companies to significantly reduce material and resource usage, 

aligning their operations with sustainable development goals. 

Adaptability to Global Challenges: 

Rapid Response Capability to Disruptions: Companies 

that used cognitive digital clones were able to quickly adapt to 

supply chain disruptions during the COVID-19 pandemic. 

75% of companies reported that these technologies allowed 

them to reorganize their operations in real time, helping 

mitigate the impact of the crisis. 

30% Improvement in Organizational Resilience: Hybrid 

systems combining automated decision-making with human 

intervention enabled organizations to enhance their resilience. 

In a case study, an automotive company reduced response 

times to unexpected regulatory changes by 40%. 

Sustainable Competitiveness: 

15% Improvement in Customer Retention: Products 

manufactured under sustainable principles, promoted by the 

hybridization of Industry 4.0 and 5.0, increased the perceived 

value among customers. As a result, many companies saw an 

improvement in customer loyalty, helping them remain 

competitive in increasingly environmentally conscious 

markets. 

10% Market Growth: Companies that integrated 

sustainability into their strategy using hybrid technologies 

expanded their market share by 10% in key sectors such as 

advanced manufacturing and renewable energy, where the 

demand for eco-friendly products is growing. 

These results confirm that technological hybridization not 

only drives productivity gains but also facilitates the 

implementation of sustainable and resilient practices. 
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Companies adopting this hybrid approach are better equipped 

to address global challenges such as climate change and 

economic instability, remaining competitive in the global 

market while contributing to a more sustainable future. 

Discussion 

The findings from this study confirm that the convergence 

of Industry 4.0 and Industry 5.0 offers a promising path 

toward optimizing industrial processes and promoting 

sustainability. Consistent with previous studies [47], it is 

evident that advanced automation significantly boosts 

productivity and reduces operational costs. However, what 

sets Industry 5.0 apart is its focus on human-machine 

collaboration, which allows for more ethical and sustainable 

decision-making. 

A key point highlighted in the study is the role of 

cognitive digital clones as facilitators in integrating both 

paradigms. These technologies not only automate processes 

but also enable machines to make decisions that consider 

operational efficiency alongside social and environmental 

implications. "The true value of Industry 5.0 is not just in 

improving efficiency but in making processes more 

sustainable and ethical," commented one of the interviewed 

managers [48]. 

Moreover, the study shows that companies adopting this 

hybrid approach are better equipped to handle global crises, 

such as supply chain disruptions or regulatory changes. 

Organizational resilience increases when humans and 

machines work together, allowing companies to adapt more 

rapidly to changing environments. This finding aligns with 

recent studies that emphasize the importance of flexibility in 

modern industrial environments. 

From a sustainability perspective, the results confirm that 

technology can be a key ally in the fight against climate 

change. Companies optimizing resource use and minimizing 

waste are aligning their operations with the Sustainable 

Development Goals (SDGs), which not only improves their 

reputation but also allows them to remain competitive in the 

global market [49]. 

The findings of this study underscore the importance of 

integrating Industry 4.0 and 5.0 as a key strategy for the future 

of industrial engineering. The adoption of cognitive digital 

clones and other advanced technologies not only enhances 

operational efficiency but also promotes sustainability and 

improves organizational resilience. However, the success of 

this transition depends on continuous workforce training, 

institutional support, and the technological maturity of each 

organization. 

While the potential benefits of these technologies are 

clear, it is also essential for companies to invest in the 

infrastructure and human capital required to fully harness their 

capabilities. The balance between human intervention and 

advanced automation presents a promising pathway toward a 

more sustainable, adaptive, and ethical industrial future. 

 

 

V. CONCLUSIONS 

The integration of Industry 4.0 and Industry 5.0 technologies 

represents a crucial shift in the landscape of industrial 

engineering, combining advanced automation with human-

centered sustainability. This study has explored how cognitive 

digital clones, a key component of this integration, can 

enhance operational efficiency, improve sustainability, and 

increase organizational resilience. The findings provide 

valuable insights into the future of industrial practices, 

highlighting the benefits and challenges of merging these two 

industrial paradigms. 

 One of the most important outcomes is the clear 

improvement in operational efficiency. Cognitive digital 

clones and IoT systems allow companies to optimize 

workflows, anticipate machine failures, and reduce downtime, 

leading to a 20% increase in efficiency. This increase is not 

merely a result of automating repetitive tasks but is driven by 

the ability of these technologies to simulate complex decision-

making processes in real-time, thus enabling more accurate 

and faster responses to operational challenges. The integration 

of these systems demonstrates how automation, when 

combined with human judgment, can significantly enhance 

productivity. 

Companies adopting cognitive digital clones report a 15% 

reduction in carbon emissions, driven by smarter energy and 

waste management. These technologies support real-time 

adjustments and help align operations with global 

sustainability goals like the UN SDGs. The study also 

emphasizes the value of human oversight in strategic and 

ethical decisions—an essential trait of Industry 5.0. Digital 

clones enhance this process by delivering predictive insights. 

Moreover, their implementation has improved organizational 

resilience, particularly evident during the COVID-19 

pandemic, by enabling adaptive responses to supply chain 

disruptions and operational challenges. However, the study 

also reveals several challenges in the adoption of these 

technologies. One of the most significant barriers is the lack of 

technological infrastructure, particularly among small and 

medium-sized enterprises (SMEs). While larger companies 

often have the resources to invest in advanced systems, SMEs 

may struggle with the initial costs of upgrading infrastructure 

and training their workforce. This gap in technological 

readiness underscores the need for targeted support and 

policies that enable these smaller companies to participate in 

the digital transformation.  In addition, the skills gap within 

the workforce poses another challenge. As industrial processes 

become more technologically advanced, there is a growing 

need for workers with expertise in both traditional engineering 

and emerging technologies like AI, IoT, and machine learning. 

Companies must invest in continuous training and upskilling 

programs to ensure their employees can effectively collaborate 

with cognitive digital clones and other advanced systems. 

Without this investment, the potential benefits of these 

technologies may not be fully realized.  Despite these 

challenges, the benefits of adopting Industry 5.0 technologies 
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are clear. The ability to combine automation with human 

oversight allows companies to operate more efficiently and 

sustainably. This hybrid model not only increases productivity 

but also fosters innovation by freeing human workers to focus 

on creative and strategic tasks. Companies that successfully 

integrate Industry 5.0 are likely to see higher employee 

satisfaction, as workers are empowered to engage in more 

meaningful and impactful roles. 

In conclusion, the integration of Industry 4.0 and 5.0 offers a 

transformative opportunity for the future of industrial 

engineering. Cognitive digital clones, as a central technology 

in this integration, enable companies to improve operational 

efficiency, reduce environmental impact, and increase 

resilience in the face of global challenges. However, the 

successful adoption of these technologies requires investment 

in infrastructure, workforce training, and organizational 

change. Companies that embrace this human-machine 

collaboration model will be better equipped to thrive in a 

rapidly evolving industrial landscape, balancing the demands 

of efficiency, sustainability, and ethical responsibility.  The 

lessons from this study serve as a guide for organizations 

looking to implement these advanced technologies. By 

focusing on the collaborative potential of cognitive digital 

clones and maintaining human intelligence at the core of 

decision-making, companies can create more resilient, 

adaptive, and sustainable systems. The future of industrial 

engineering lies in the balance between automation and human 

oversight, and Industry 5.0 provides the framework for 

achieving this balance in a way that benefits both industry and 

society. 
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