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Abstract: The growing urgency of climate change, resource scarcity, and industrial transformation has given rise to new 

paradigms in manufacturing. While the circular economy emphasizes resource recovery and closed-loop systems, Industry 5.0 

represents a shift toward human-centric, sustainable, and digitally enabled production. This paper proposes the Circular 

Economy–Industry 5.0 (CEI5) Framework, a novel model that integrates circular principles with advanced digital technologies 

such as digital twins, blockchain, artificial intelligence (AI), and collaborative robotics. The framework provides a structured 

approach for embedding sustainability into industrial practices while ensuring resilience and competitiveness. Case illustrations 

from automotive, electronics, and textiles demonstrate the framework’s application, while a critical discussion highlights key 

technological, economic, regulatory, and social challenges. The findings contribute to academic discourse and industrial practice 

by offering a holistic roadmap for transitioning toward regenerative, adaptive, and human-centric production systems. 
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I. INTRODUCTION 

 

The manufacturing sector is undergoing a profound 

transformation, shaped by rapid advances in digital technologies 

and an urgent demand for sustainability. While the concept of 

Industry 4.0 emphasized automation, cyber-physical systems, 

and data-driven optimization, the emerging paradigm of Industry 

5.0 shifts the focus towards human-centric, resilient, and 

sustainable production systems (Nahavandi & Nahavandi, 2019). 

Industry 5.0 envisions a future where advanced technologies, 

such as artificial intelligence (AI), digital twins, robotics, and 

additive manufacturing work alongside human creativity to 

create not only efficient but also environmentally responsible 

industries. In parallel, the circular economy (CE) has gained 

prominence as a systemic approach to eliminate waste, maximize 

resource efficiency, and promote closed-loop production cycles. 

The convergence of these two paradigms represents a unique 

opportunity to address global environmental and social 

challenges. 

 

The manufacturing sector accounts for nearly 30% of 

global greenhouse gas emissions and consumes vast amounts of 

natural resource (International Energy Agency. (2022). 

Traditional linear production systems, often described as “take, 

make, dispose,” are increasingly unsustainable in the face of 

resource scarcity, climate change, and mounting waste streams 

(Hobson & Lynch, 2016). The circular economy model, which 

emphasizes strategies such as reduce, reuse, recycle, 

remanufacture, and redesign, offers a pathway towards more 

sustainable industrial ecosystems. However, the integration of 

CE principles into digital manufacturing remains fragmented, 

with most initiatives focusing on individual technologies or 

isolated pilot projects rather than holistic frameworks. 
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Industry 5.0 provides fertile ground for embedding CE 

practices into industrial operations. For instance, digital twins 

can simulate product life cycles to optimize resource use, while 

blockchain can provide secure traceability of recycled materials 

in supply chains. Similarly, collaborative robotics can enhance 

disassembly and remanufacturing processes, and additive 

manufacturing can enable designs that minimize waste and allow 

on-demand production. Despite these opportunities, both 

academic studies and industrial practices often remain 

disconnected, and there have been few attempts to bring CE 

principles together with the enabling technologies of Industry 5.0 

in a structured way. Several scholars have examined the 

evolution from Industry 4.0 to Industry 5.0, highlighting the 

human-centric and sustainability-oriented nature of this 

transition (Demir et al., 2019). Others have explored CE 

adoption in manufacturing contexts, noting drivers such as cost 

reduction, regulatory compliance, and corporate social 

responsibility. A growing body of research also examines the 

role of digital technologies in supporting CE practices, 

particularly in predictive maintenance, recycling optimization, 

and material recovery. However, there is still a notable research 

gap in terms of developing a comprehensive integration 

framework that explicitly maps CE strategies onto Industry 5.0 

technologies and principles. 

 

This paper addresses that gap by proposing a Circular 

Economy–Industry 5.0 Integration Framework (CEI5 

Framework). The framework aligns CE strategies with enabling 

technologies of Industry 5.0 to support sustainable production, 

recycling, and digital manufacturing. Unlike prior fragmented 

studies, the CEI5 Framework takes a systemic view, 

incorporating technological, environmental, and human-centric 

considerations. By doing so, it provides a roadmap for 

policymakers, industry leaders, and researchers to operationalize 

circularity within the emerging Industry 5.0 paradigm. 

 

The contributions of this paper are threefold. First, it 

advances the discourse on Industry 5.0 by embedding circular 

economy as a foundational pillar, moving beyond common 

themes of automation and human-centricity. Second, it 

introduces the CEI5 Framework, a structured model for 

integrating CE principles (reduce, reuse, recycle, remanufacture, 

redesign) with Industry 5.0 technologies (AI, IoT, blockchain, 

additive manufacturing, digital twins, robotics). Third, it offers 

practical insights for industries and policymakers, supported by 

case illustrations from sectors such as automotive, electronics, 

and textiles, demonstrating how CE strategies can be enabled by 

digital manufacturing. 

 

The remainder of this paper is structured as follows. Section 

2 reviews the relevant literature. Section 3 develops the 

theoretical background linking CE and Industry 5.0. Section 4 

presents the proposed CEI5 Framework in detail, while Section 

5 illustrates its application through conceptual case studies. 

Section 6 discusses the implications, challenges, and future 

research directions. Finally, Section 7 concludes the paper with 

reflections on the potential of CE–Industry 5.0 integration to 

enable sustainable industrial transformation. 

 

II. LITERATURE REVIEW 

 

The integration of circular economy (CE) within industrial 

systems has been widely discussed, yet implementation 

challenges persist. Early works emphasized sustainable business 

model archetypes that enable longevity, reuse, and recovery 

strategies, showing CE’s transformative potential for production 

ecosystems (Bocken et al., 2014). However, limitations remain 

where industrial design is misaligned with downstream recovery, 

signaling the need for systemic frameworks that embed CE in 

organizational strategies rather than isolated recycling initiatives. 

 

A broader perspective on CE highlighted its role as a new 

sustainability paradigm that transcends waste management to 

include systemic change in design, business models, and 

consumption (Geissdoerfer et al., 2017). This perspective 

underscores the importance of embedding CE principles at the 

strategic level of industrial operations. Yet, gaps remain in 

connecting these ideas with enabling digital technologies and 

with the human-centric orientation promoted by Industry 5.0. 

 

The role of Industry 4.0 in CE adoption has also been 

explored extensively. One review suggested that digital tools such 

as IoT, cyber-physical systems, and big data analytics can 

significantly reduce waste and enhance resource efficiency 

(Lopes de Sousa Jabbour et al., 2018). However, much of this 

work is conceptual, lacking empirical validation across industrial 

sectors. The absence of structured integration frameworks limits 

the translation of such insights into practice. 

 

Studies also highlight the Industry 4.0–CE nexus, 

identifying applications such as predictive maintenance, 

blockchain-enabled supply chain transparency, and additive 

manufacturing for waste minimization (Rosa et al., 2019). While 

these contributions highlight strong potential, they also reveal 

gaps, particularly in addressing the social and human dimensions 

of Industry 5.0, where inclusivity and resilience become central. 

 

Other research has evaluated blockchain as a transformative 

tool for CE practices, particularly for traceability of secondary 

raw materials and verification of closed-loop supply chains 

(Rajput & Singh, 2019). While offering transparency and 

security, the scalability, energy consumption, and cybersecurity 

risks of blockchain in large-scale industrial ecosystems remain 

critical barriers to adoption (Saberi et al., 2019). These technical 

and governance limitations underscore the necessity of integrative 

frameworks like CEI5, that align blockchain’s benefits with 

Industry 5.0 values of resilience, transparency, and human 

oversight. 

 

Additive manufacturing has been analyzed as a means to 

reduce waste through optimized designs and on-demand 

production (Okorie et al., 2018). By lowering material use and 



Volume 11, Issue 1, January – 2026                                       International Journal of Innovative Science and Research Technology 

ISSN No:-2456-2165                                                                                                                      https://doi.org/10.38124/ijisrt/26jan1150 

 

 

IJISRT26JAN1150                                                                 www.ijisrt.com                                                                                      2312         

enabling lightweight geometries, AM aligns with CE principles. 

Yet, concerns remain about its energy intensity, recyclability of 

feedstocks, and scalability for mass manufacturing. The 

integration of digital twins and AI-based optimization can 

potentially mitigate some of these issues by enhancing process 

monitoring and material recovery (Qi et al., 2021). Nevertheless, 

such integrations require careful consideration of trade-offs, 

especially in balancing technological efficiency with 

environmental impact. 

 

Surveys on Industry 5.0 technologies emphasize their 

potential to integrate human-centric and sustainability goals 

within industrial systems. Unlike Industry 4.0, which largely 

prioritizes efficiency, Industry 5.0 is positioned as a paradigm that 

balances digital innovation with human skills, creativity, and 

environmental responsibility. However, research on concrete CE–

Industry 5.0 integration remains limited, with most studies 

remaining descriptive. 

 

Other works explored the trade-offs between sustainability and 

automation, noting that excessive reliance on digital tools may 

neglect socio-environmental outcomes (Bonilla et al., 2018). 

These studies stress the importance of adopting systemic 

frameworks that prioritize not only efficiency but also resilience, 

inclusivity, and ecological integrity in Industry 5.0. 

 

Business model innovation has also been studied as a 

pathway for industrial circularity. Product-as-a-service, 

servitization, and digital platforms are seen as promising enablers 

of resource efficiency (Pieroni et al., 2019). Yet, many business 

models remain conceptual or experimental, with limited insights 

into how they can be scaled and operationalized in Industry 5.0 

contexts. 

 

Finally, empirical studies such as analyses of eco-innovation 

in manufacturing firms provide evidence that sustainability goals 

are often treated as secondary in digital transformation initiatives 

(Garcia-Muiña et al., 2018). These findings highlight the 

fragmented and peripheral role of CE in current industrial 

practices, reinforcing the urgent need for holistic frameworks that 

integrate CE principles directly into Industry 5.0 strategies. 

 

Taken together, these ten studies show considerable 

progress in advancing CE concepts and linking them to digital 

technologies. However, they also demonstrate clear gaps: 

empirical validation remains scarce, systemic frameworks are 

lacking, and the human-centric principles of Industry 5.0 remain 

underexplored in relation to CE. Addressing these gaps requires 

structured approaches, such as the CEI5 Framework proposed in 

this paper, which explicitly aligns CE strategies with Industry 5.0 

enablers to advance sustainable industrial transformation. 

 

 

 

 

 

III. INTEGRATIVE BACKGROUND 

 

The convergence of Industry 5.0 and the circular economy 

(CE) represents a transformative shift in how industrial systems 

are conceptualized and operated. Unlike Industry 4.0, which 

primarily focused on cyber-physical systems, automation, and 

interconnected devices, Industry 5.0 places humans back at the 

center of production ecosystems, emphasizing values such as 

sustainability, resilience, and social well-being (Union, 2021). 

This reorientation is critical in addressing global challenges such 

as climate change, finite resource availability, and growing 

societal demand for sustainable consumption. In parallel, the CE 

provides the theoretical and operational framework for reducing 

waste and maximizing resource efficiency. When combined, the 

two paradigms offer a synergistic pathway toward sustainable and 

human-centric industrial transformation. 

 

A central principle of Industry 5.0 is human–machine 

collaboration, often referred to as collaborative intelligence. 

Instead of replacing workers with fully automated systems, 

technologies such as collaborative robots (cobots), augmented 

reality, and advanced decision-support systems are designed to 

augment human creativity, problem-solving, and innovation 

capacity. This collaborative dimension is vital for circular 

practices such as remanufacturing, material recovery, and creative 

product redesign, where human judgment often surpasses 

automated decision-making. Research suggests that integrating 

human-centric design with technological efficiency can 

significantly improve sustainability outcomes in industrial 

contexts (Nahavandi & Nahavandi, 2019). 

 

On the other hand, the CE provides a systemic framework 

to redesign industrial activities based on regenerative models. It 

emphasizes strategies such as reuse, repair, remanufacturing, and 

recycling, while also promoting product-as-a-service and sharing 

models that reduce material throughput (Geissdoerfer et al., 

2017). Traditional linear models of “take–make–dispose” are 

increasingly untenable, particularly in energy-intensive 

manufacturing sectors. The CE thus aligns strongly with the 

objectives of Industry 5.0, where resilience and long-term value 

creation are prioritized over short-term productivity. Importantly, 

CE models also introduce feedback mechanisms into industrial 

processes, ensuring materials are retained within the system for 

as long as possible (Haas et al., 2015). 

 

Digital technologies serve as critical enablers in bridging CE 

and Industry 5.0. Artificial intelligence (AI) and machine 

learning, for example, are being applied to predict resource 

inefficiencies, optimize energy consumption, and extend product 

life cycles through predictive maintenance. Similarly, the Internet 

of Things (IoT) provides real-time data on resource usage, 

enabling companies to monitor and minimize waste throughout 

value chains (Kamble et al., 2020). Blockchain technologies 

support transparency and trust in closed-loop systems by enabling 

verifiable tracking of recycled or remanufactured components 

(Kouhizadeh & Sarkis, 2018). Additive manufacturing 
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contributes by facilitating lightweight product designs, enabling 

on-demand production, and reducing material wastage. 

Meanwhile, digital twins allow firms to simulate environmental 

impacts across product life cycles before physical production 

begins, thus embedding sustainability considerations at the design 

stage (Lu et al., 2020). Collectively, these technologies provide 

the infrastructure necessary to operationalize CE within the 

Industry 5.0 paradigm. 

 

Despite these opportunities, several theoretical challenges 

must be addressed for effective integration. One major challenge 

is the redefinition of performance metrics. Historically, 

manufacturing performance has been assessed using measures 

such as cost reduction, throughput, and lead time. However, CE 

and Industry 5.0 require alternative metrics that capture 

sustainability dimensions, including carbon emissions, resource 

circularity, and social impact. This shift requires not only 

technical innovation but also cultural change, as organizations 

must value long-term environmental and societal benefits over 

immediate economic gains. 

 

Another theoretical concern relates to system 

interoperability and scalability. Industry 5.0 emphasizes cross-

industry collaboration and ecosystem-wide approaches, but 

existing manufacturing networks often operate in silos, with 

fragmented technologies and varying levels of digital maturity. 

Ensuring interoperability across heterogeneous systems is 

essential for enabling data exchange, transparency, and 

coordinated CE strategies. Equally, there is a pressing need to 

consider the human dimension of this transformation. Skills 

development, workforce upskilling, and cultural readiness are 

crucial in ensuring that human–machine collaboration aligns with 

CE goals, rather than reproducing existing inefficiencies under a 

new technological guise. 

 

In summary, the conceptual integration of CE and Industry 

5.0 represents a symbiotic relationship. CE provides the guiding 

principles of resource efficiency and waste elimination, while 

Industry 5.0 offers the human-centric and technological 

infrastructure necessary to realize those goals. By embedding CE 

strategies within Industry 5.0 ecosystems, industries can 

transition toward production systems that are not only 

technologically advanced but also environmentally sustainable 

and socially inclusive. However, realizing this vision requires 

careful attention to performance metrics, technological 

interoperability, and human capital development. Addressing 

these theoretical dimensions lays the foundation for the CEI5 

Framework proposed in this study. 

 

IV. PROPOSED CEI5 FRAMEWORK 

 

After The Circular Economy–Industry 5.0 Integration 

Framework (CEI5 Framework) is designed to align CE strategies 

with enabling technologies of Industry 5.0. It is a conceptual 

model that provides both a theoretical foundation and a practical 

roadmap for industries seeking to embed circular economy 

principles into digital manufacturing ecosystems. 

 

At its core, the CEI5 Framework is structured around three 

layers (Figure 1): 

 

 Circular Economy Strategies (6Rs): Reduce, Reuse, Recycle, 

Recover, Redesign, Remanufacture. 

 Industry 5.0 Enablers: AI, IoT, Blockchain, Additive 

Manufacturing, Digital Twins, Collaborative Robotics. 

 Sustainability Outcomes: Resource efficiency, waste 

minimization, reduced carbon footprint, resilience, and 

human-centric value creation.  

 

 
Fig 1: The CEI5 Framework for Integrating 

Circular Economy and Industry 5.0. 

 

 Framework Structure and Application Flow 

The framework can be represented visually as a matrix 

model, where each CE strategy is mapped against one or more 

Industry 5.0 enablers. This mapping illustrates how digital 

technologies can operationalize CE principles in practice. For 

example, “Recycle” can be supported by blockchain (traceability 

of recycled materials), AI (sorting and classification), and 

robotics (automated disassembly). Similarly, “Redesign” is 

enabled by additive manufacturing (design flexibility) and digital 

twins (lifecycle simulation). 

 

The CEI5 Framework follows a cyclical process: 

 

 Input Layer: Industrial processes, raw materials, waste 

streams, and energy flows. 

 Enabler Layer: Industry 5.0 technologies process these inputs 

to enhance sustainability. 
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 Output Layer: Reduced waste, circular material flows, carbon 

neutrality, and socio-economic     benefits. 

 Feedback Loop: Continuous monitoring and improvement 

using IoT data and AI analytics. 

 

This cyclical flow ensures that circular economy strategies 

are not implemented in isolation but embedded in ongoing digital 

feedback systems, as shown in Figure 2. 

 

 
Fig 2: Conceptual Representation of the CEI5 

Framework: Feedback Loops of Energy and Material 

Flows. 
 

 Novelty of CEI5 Framework 

The novelty of the CEI5 Framework lies in three aspects: 

 

 Holistic Integration: Unlike prior studies that consider 

isolated technologies, the CEI5 Framework provides a 

systematic mapping of CE strategies to multiple Industry 5.0 

enablers. 

 

 Human-Centric Dimension: It incorporates the role of human 

creativity and decision-making, recognizing that CE adoption 

is not purely technical but also social and cultural. 

 

 Scalability & Policy Relevance: The framework is designed 

to be adaptable across sectors and provides a decision-

making tool for policymakers, industry leaders, and 

researchers. 

 

By offering a structured, actionable model, the CEI5 

Framework addresses the research gap identified in the literature 

and provides a foundation for both theoretical exploration and 

practical implementation of circular economy in Industry 5.0. 

 

 

V. APPLICATION OF THE CEI5 FRAMEWORK: 

CASE ILLUSTRATIONS 

 

The practical value of the CEI5 Framework lies in its ability 

to demonstrate how circular economy principles, when reinforced 

by Industry 5.0 technologies, can resolve sector-specific 

sustainability challenges. While the framework is theoretically 

robust, its true utility emerges when applied to industries that are 

both environmentally impactful and economically vital. This 

section provides three case illustrations i.e., automotive, 

electronics, and textiles, that highlight how CEI5 can be 

operationalized in real-world contexts. These sectors were chosen 

because they collectively account for significant global 

emissions, resource consumption, and waste, yet also present 

substantial opportunities for innovation. Table 1 summarizes 

sector-wise applications of the CEI5 Framework, highlighting 

how circular strategies and Industry 5.0 enablers translate into 

measurable sustainability outcomes across different industries. 

 

  Automotive Industry 

The automotive sector is undergoing one of the most 

profound transformations in its history. The rise of electric 

mobility, stricter environmental regulations, and shifting 

consumer expectations toward sustainability are redefining how 

vehicles are designed, produced, and retired. Despite these 

advances, the industry faces persistent challenges related to 

resource-intensive manufacturing and end-of-life management, 

especially concerning electric vehicle (EV) batteries. These 

batteries contain critical raw materials such as lithium, nickel, and 

cobalt, which are both environmentally sensitive and 

geopolitically constrained (International Energy Agency. (2022). 

Without effective recycling and reuse, the rapid adoption of EVs 

risks replacing one environmental burden with another. 

 

The CEI5 Framework provides several integrated strategies 

for this industry. Digital twins are particularly transformative, 

enabling manufacturers to model complete vehicle lifecycles, 

including energy consumption, material wear, and recycling 

needs. For instance, a digital twin of an EV battery can simulate 

degradation patterns under different driving conditions, allowing 

manufacturers to predict second-life applications such as 

stationary energy storage before recycling becomes inevitable. 

This not only extends the economic value of the battery but also 

minimizes demand for virgin raw materials. For instance, 

Renault’s remanufacturing program at the Choisy-le-Roi plant 

demonstrates the tangible impact of circular and digital 

integration. Through advanced data analytics and 

remanufacturing practices, Renault achieved an 80 % reduction 

in material waste and a 70 % decrease in energy consumption 

compared to traditional production processes (A New Textiles 

Economy: Redesigning Fashion’s Future | Ellen MacArthur 

Foundation). These metrics validate the CEI5 Framework’s 

emphasis on digital-enabled circularity, proving that systemic 

resource efficiency is achievable at industrial scale. 
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Artificial intelligence (AI) plays a central role in predictive 

maintenance. Traditional maintenance schedules often result in 

premature replacement of components, generating unnecessary 

waste. AI-driven analytics, however, can monitor usage data in 

real time, predicting failures before they occur. This extends 

component lifespans, reduces operational costs, and directly 

supports the circular principle of reuse. 

 

Robotics and collaborative robots (Cobots) further 

strengthen circular practices. Disassembly of end-of-life vehicles 

is labor-intensive and hazardous, often limiting the recovery of 

reusable materials. Cobots working alongside human technicians 

can automate the removal of complex components such as 

electronic control units or battery modules, ensuring higher 

recovery rates of metals, plastics, and composites (Ghobakhloo et 

al., 2025). 

 

Finally, blockchain systems provide trust and traceability 

across automotive supply chains. By recording immutable data on 

recycled materials, blockchain enables manufacturers to 

demonstrate compliance with sustainability regulations and build 

consumer confidence in remanufactured components 

(Kouhizadeh et al., 2021). In practice, automakers such as Renault 

have launched closed-loop systems for battery recycling, while 

Tesla has invested in second-life storage applications for EV 

batteries, showcasing the potential alignment with CEI5 

principles. 

 

Through these combined strategies, the automotive sector 

can shift away from its traditionally linear approach and toward a 

closed-loop, digitally enabled ecosystem. 

 

  Electronics Industry 

The electronics industry is a cornerstone of the digital 

economy but also one of the fastest-growing sources of 

environmental concern. Global e-waste already exceeds 53 

million metric tons annually and is projected to reach 75 million 

metric tons by 2030 if linear production and consumption models 

persist (Adrian et al., n.d.). The short lifespans of smartphones, 

laptops, and other devices, often designed for planned 

obsolescence, make this sector a critical testing ground for CEI5. 

 

One of the most powerful applications of the CEI5 

Framework in electronics lies in human-centric modular design. 

Unlike current models that discourage repair, modular design 

allows consumers to replace or upgrade individual components 

such as batteries, screens, or processors without discarding the 

entire device. This extends lifecycles, reduces waste, and creates 

new business opportunities in repair and refurbishment markets. 

 

Digital twins provide a second layer of transformation by 

simulating the flow of e-waste at regional or national scales. By 

forecasting the volume, composition, and location of discarded 

electronics, digital twins help policymakers and recyclers plan 

efficient collection systems and optimize material recovery 

processes. For example, lifecycle simulations of smartphones can 

inform recycling plant capacity and logistics, ensuring that 

valuable materials such as gold, silver, and rare earth elements are 

recovered systematically. 

 

Artificial intelligence and IoT systems complement this 

approach by enhancing recovery efficiency at the operational 

level. AI-enabled sorting technologies can rapidly classify e-

waste streams, separating valuable circuit boards from low-value 

plastics. Coupled with IoT sensors embedded in devices, 

manufacturers can track usage histories and material 

compositions, enabling more efficient recycling strategies at end-

of-life. 

 

Blockchain technologies provide a further safeguard by 

ensuring that recovered materials meet ethical sourcing standards. 

Electronics manufacturing often depends on minerals such as 

tantalum and cobalt, which are linked to conflict regions and 

human rights violations. Blockchain ensures that materials re-

entering supply chains from recycling facilities are verifiably 

ethical and sustainable. 

 

Similarly, Apple’s circular production model illustrates how 

intelligent automation can coexist with sustainable material loops. 

By integrating robotics and AI-driven diagnostics in its ‘Daisy’ 

recycling robot, Apple recovers up to 99 % of key materials, 

including tungsten, cobalt, and rare earth elements. This real-

world case exemplifies how CEI5’s human-technology synergy 

can drive measurable sustainability outcomes in high-tech 

manufacturing. In practice, companies such as Apple, with its 

robotic disassembly systems, and Fairphone, with its modular 

smartphones, have already demonstrated the alignment of circular 

design with Industry 5.0 principles. CEI5 provides a structured 

framework to scale these innovations across the sector, ensuring 

that e-waste challenges are met with systemic, technology-

enabled solutions. 

 

  Textile and Fashion Industry 

The textile and fashion industry is widely recognized as one 

of the most resource-intensive and environmentally damaging 

sectors. It contributes nearly 10% of global carbon emissions and 

generates approximately 92 million tons of waste each year, with 

fast fashion models exacerbating the problem by encouraging 

overproduction and underutilization of garments (A New Textiles 

Economy: Redesigning Fashion’s Future | Ellen MacArthur 

Foundation, 2017). The CEI5 Framework presents a roadmap for 

addressing these challenges by integrating sustainable practices 

with Industry 5.0 technologies. 

 

Additive manufacturing and digital knitting are particularly 

promising in this sector. These technologies allow for on-demand, 

customized garment production, drastically reducing the problem 

of overproduction. By producing only what is required, additive 

methods not only reduce material inputs but also support 

innovative business models based on localized, consumer-driven 

production. 
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AI-driven systems support textile recycling, which remains 

one of the industry’s greatest challenges. Vision-based AI can 

distinguish between fiber types such as cotton, polyester, and 

blends, materials that are otherwise costly and difficult to separate 

in recycling processes (A New Textiles Economy: Redesigning 

Fashion’s Future | Ellen MacArthur Foundation). Automating this 

step increases recovery rates, reduces reliance on virgin fibers, 

and strengthens the economic case for circularity. 

 

Digital twins extend these benefits to the design stage by 

enabling virtual prototyping of garments. Designers can simulate 

fabric performance, fit, and durability without producing physical 

samples, significantly cutting down material waste during the 

development phase. 

 

Finally, blockchain platforms provide supply chain 

transparency in a sector often criticized for opaque sourcing 

practices. By verifying the origin of fibers and ensuring that 

recycled materials are genuinely incorporated into production, 

blockchain reduces the risk of greenwashing and strengthens 

consumer trust. 

 

Companies such as H&M and Adidas have piloted 

initiatives like textile take-back programs and garments made 

from recycled ocean plastics. Yet, these efforts often remain 

fragmented. The CEI5 Framework addresses this limitation by 

offering a systemic architecture to integrate digital technologies 

with circular principles, ensuring a cohesive and scalable 

transformation of the fashion industry. 

 

  Comparative Insights across Industries 

 While the automotive, electronics, and textiles sectors differ 

in products, processes, and consumer dynamics, the 

application of the CEI5 Framework reveals several unifying 

insights. 

 Digital twins serve as the backbone of lifecycle management 

across all three industries, whether simulating EV batteries, 

forecasting e-waste, or prototyping garments. 

 AI and robotics enhance efficiency in resource recovery, 

predictive maintenance, and automated disassembly, cutting 

across diverse contexts. 

 Blockchain consistently provides transparency and 

accountability, ensuring that recovered or recycled materials 

are trusted and ethically sourced. 

 Additive manufacturing delivers sector-specific benefits but 

universally supports waste reduction through customization 

and on-demand production.  

 

Human-centricity in Industry 5.0 emphasizes collaboration 

between humans and advanced technologies. As (Industry 5.0: 

The Human-Centric Future of Industry) note, workforce 

reskilling through targeted upskilling programs and hands-on 

training is essential, alongside strategies to overcome resistance 

to automation, ensuring both productivity gains and workforce 

empowerment. These technologies, when combined with human-

centric strategies, drive resource efficiency, waste reduction, and 

resilient, sustainable production systems. 

 

Taken together, these insights demonstrate that while 

implementation pathways may vary, the CEI5 Framework 

provides a unifying structure for embedding sustainability within 

Industry 5.0. By systematically integrating human creativity, 

advanced technologies, and circular economy strategies, it 

enables industries to move from fragmented initiatives toward 

cohesive, systemic change.  

 

Table 1: Sector-Wise Applications of CEI5 Framework 

Sector CEI5 Technologies Applied Circular Strategies Enabled Key Benefits 

Automotive Digital twins, AI, Robotics Battery recycling, Remanufacturing Reduced waste, Lifecycle monitoring 

Electronics Blockchain, AI, Robotics E-waste traceability, Modular design Material recovery, Compliance 

Textiles Data analytics, Human–Machine 

Design 

Recycling, Product-as-a-Service Reduced overproduction, Consumer 

engagement 

 

VI. DISCUSSION AND CHALLENGES 

 

The application of the CEI5 Framework across different 

industries highlights both the promise and the complexity of 

linking circular economy strategies with Industry 5.0 

technologies. While the conceptual model demonstrates how 

sustainability, recycling, and digital manufacturing can be 

integrated, practical adoption is shaped by several challenges that 

span technology, economics, regulation, and society. 

 

  Technological Challenges 

The technological promise of Industry 5.0 is clear, but 

combining multiple advanced tools into one cohesive system is 

difficult. Most industrial platforms remain fragmented, with 

companies relying on proprietary systems that do not 

communicate effectively with others. Interoperability standards 

are still lacking, which slows the scaling of digital twins, 

blockchain networks, and AI-based analytics. A further issue is 

the energy footprint of some of these technologies. For example, 

large-scale AI models require substantial computational 

resources, and blockchain systems can also be resource-intensive 

depending on their design. This creates a paradox that is tools 

meant to promote sustainability risk adding environmental 

burdens of their own. At the same time, the human-centric goal of 

Industry 5.0 must be balanced carefully against the drive for 

automation. Over-reliance on robotics could sideline human 

workers if their roles are not redefined, making the integration of 

technology and people a delicate process. 
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 Economic and Financial Challenges 

The shift toward circular production is often slowed by 

financial concerns. Advanced robotics for disassembly, 

blockchain for traceability, or digital twins for lifecycle 

monitoring all demand significant upfront investment. Large 

companies may have the resources to experiment, but small and 

medium-sized firms frequently lack the capital to do so. Even 

where companies adopt these technologies, the return on 

investment is not always immediate. Battery recycling, for 

instance, requires years of infrastructure development before it 

becomes profitable. Moreover, the economics of circular supply 

chains remain vulnerable to fluctuations in commodity prices. If 

virgin materials become cheaper, industries may revert to linear 

models, undermining long-term sustainability efforts. 

 

 Policy and Regulatory Challenges 

The policy environment also shapes the adoption of CE–

Industry 5.0 integration. A lack of harmonized international 

standards is a major barrier. Recycling directives, data-sharing 

requirements, and product design rules differ across regions, 

creating uncertainty for global supply chains. Companies 

operating across multiple markets must navigate conflicting 

regulations, which discourages investment in uniform circular 

practices. Concerns about intellectual property and cybersecurity 

further complicate collaboration. Many firms hesitate to share 

detailed lifecycle data through digital twins or blockchain 

networks out of fear of losing competitive advantage or exposing 

sensitive information. Without trust and clear regulatory 

guidance, cross-industry cooperation is slowed.  

 

From a policy perspective, regulatory frameworks differ 

significantly across regions, influencing the implementation of 

circular economy and Industry 5.0 initiatives. The European 

Union’s Waste Framework Directive (2008/98/EC), for instance, 

mandates extended producer responsibility (EPR), strict recycling 

targets, and detailed reporting obligations. These measures have 

encouraged industrial actors to adopt circular strategies early in 

the product design phase. In contrast, the United States follows a 

more decentralized approach through the Environmental 

Protection Agency (EPA), where recycling goals vary by state 

and lack uniform enforcement. This regulatory disparity creates 

inconsistencies in material recovery rates and digital traceability 

standards. By aligning the CEI5 Framework with stringent EU-

style accountability while incorporating the flexibility of the U.S. 

model, policymakers can create balanced, innovation-friendly 

pathways for sustainable industrial transformation. 

 

  Social and Cultural Challenges 

Technological and policy barriers are matched by social and 

cultural ones. A circular economy requires active consumer 

participation in recycling, repair, and reuse. However, behaviors 

such as constant demand for fast fashion or frequent electronic 

upgrades undermine these goals. Changing such patterns requires 

not only awareness but also cultural shifts, incentives, and 

attractive alternatives. On the workforce side, Industry 5.0 

assumes collaboration between humans and machines, but this 

demands new skills in robotics, data analysis, and system 

integration. Without targeted reskilling programs, workers risk 

being excluded or displaced. Another factor is trust in digital 

technologies. Consumers may hesitate to embrace systems that 

rely heavily on data collection if they perceive risks to privacy, 

while companies may be cautious about AI adoption due to 

concerns about bias or transparency. 

 

  Opportunities for Advancing CEI5 

Despite these challenges, the CEI5 Framework presents 

significant opportunities. It provides a common platform for 

industries to share knowledge and adapt proven solutions across 

sectors. For example, the success of digital twins in the 

automotive industry could inform similar lifecycle approaches in 

electronics or textiles. The framework also aligns with global 

sustainability agendas such as the UN Sustainable Development 

Goals, which can attract policy support and financial incentives. 

For businesses, new models such as product-as-a-service become 

more feasible when backed by traceability and digital 

manufacturing tools. Such models not only conserve resources 

but also create more stable, long-term relationships with 

customers. 

 

 Future Research Directions 

Future research can play an important role in addressing 

current gaps. There is an urgent need to develop standardized 

metrics to evaluate CE–Industry 5.0 initiatives. At present, 

indicators of success are fragmented, making it difficult to 

compare results across sectors or regions. Research should also 

explore transitional business models where linear and circular 

practices coexist. This would help companies understand how to 

gradually shift while maintaining profitability. Another 

promising area is the study of digital twin ecosystems and the 

governance structures required for their interoperability. Finally, 

more interdisciplinary research is needed to examine the social 

and ethical aspects of Industry 5.0, ensuring that automation and 

human creativity reinforce rather than conflict with one another. 

 

  Synthesis 

The discussion confirms that while the CEI5 Framework 

offers a compelling vision, its real-world adoption requires 

coordinated solutions across multiple domains. Technological 

readiness must be matched with economic feasibility, supportive 

regulations, and cultural acceptance. At the same time, the 

opportunities are significant, and the framework provides a path 

to link digital transformation with sustainable development. By 

addressing the identified challenges and advancing targeted 

research, the integration of circular economy and Industry 5.0 can 

move from concept to widespread practice, supporting industries 

that are not only efficient but also resilient and human-centered.  
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VII. CONCLUSION 

 

This paper set out to explore the integration of circular 

economy principles and Industry 5.0 technologies, culminating in 

the proposed CEI5 Framework. The CEI5 Framework establishes 

a structured pathway for embedding sustainability, circularity, 

and human-centric digital manufacturing within industrial 

systems. Through an integration of literature review, theoretical 

synthesis, and cross-sector illustration, this study offers both a 

conceptual vision and a practical guide for future-ready 

manufacturing. 

 

The framework’s novelty lies in merging three dimensions 

circular economy, digital transformation, and human-centricity, 

within a unified model. Prior studies often treated these areas 

independently, while circular economy research emphasized 

material efficiency, Industry 5.0 focused on human–machine 

collaboration, and digital twin applications targeted process 

optimization. CEI5 combines these into a cohesive structure that 

advances industries toward being resource-efficient, adaptive, 

and socially responsible. 

 

The contributions of this study are threefold. First, it 

advances the theoretical discourse on Industry 5.0 by positioning 

the circular economy as a core structural element rather than a 

peripheral sustainability goal. This integration reframes Industry 

5.0 as not only human-centric and technologically advanced but 

also environmentally regenerative. Second, it develops and 

presents the CEI5 Framework, a structured model that 

operationalizes circular economy principles such as reduce, reuse, 

recycle, remanufacture, and redesign through enabling 

technologies including AI, IoT, blockchain, additive 

manufacturing, digital twins, and robotics. Third, it translates this 

conceptual advancement into actionable insights for industry and 

policymakers through empirical illustrations from the 

automotive, electronics, and textile sectors. These examples 

demonstrate how CEI5 principles can guide practical pathways 

toward de-carbonization, resource efficiency, and sustainable 

production. 

 

Challenges remain. Integrating advanced technologies, high 

investment costs, inconsistent regulation, and cultural inertia all 

hinder large-scale adoption. Yet these obstacles also pinpoint 

critical areas for collaborative innovation and policy reform. 

 

In essence, the CEI5 Framework offers a forward-looking 

model for sustainable industrial transformation. By aligning 

digital technologies with circular strategies and human-centered 

values, it charts a roadmap for industries to evolve beyond linear 

production and toward systems that are regenerative, resilient, 

and inclusive. 

  

 

 

 

REFERENCES 

 

[1]. A New Textiles Economy: Redesigning Fashion’s Future | 

Ellen MacArthur Foundation. Retrieved November 11, 

2025, from https://www.ellenmacarthurfoundation.org/a-

new-textiles-economy 

[2]. Adrian, S., Drisse, M. B., Cheng, Y., Devia, L., Deubzer, 

O., Goldizen, F., Gorman, J., Herat, S., Honda, S., Iattoni, 

G., Jingwei, W., Jinhui, L., Khetriwal, D. S., Linnell, J., 

Magalini, F., Nnororm, I. C., Onianwa, P., Ott, D., Ramola, 

A., … Zeng, X. (n.d.). Quantities, flows, and the circular 

economy potential The Global E-waste Monitor 2020. 

[3]. Bocken, N. M. P., Short, S. W., Rana, P., & Evans, S. 

(2014). A literature and practice review to develop 

sustainable business model archetypes. Journal of Cleaner 

Production, 65, 42–56. 

https://doi.org/10.1016/J.JCLEPRO.2013.11.039 

[4]. Bonilla, S. H., Silva, H. R. O., da Silva, M. T., Gonçalves, 

R. F., & Sacomano, J. B. (2018). Industry 4.0 and 

Sustainability Implications: A Scenario-Based Analysis of 

the Impacts and Challenges. Sustainability 2018, Vol. 10, 

Page 3740, 10(10), 3740. 

https://doi.org/10.3390/SU10103740 

[5]. Demir, K. A., Döven, G., & Sezen, B. (2019). Industry 5.0 

and Human-Robot Co-working. Procedia Computer 

Science, 158, 688–695. 

https://doi.org/10.1016/J.PROCS.2019.09.104 

[6]. Garcia-Muiña, F. E., González-Sánchez, R., Ferrari, A. M., 

& Settembre-Blundo, D. (2018). The Paradigms of Industry 

4.0 and Circular Economy as Enabling Drivers for the 

Competitiveness of Businesses and Territories: The Case of 

an Italian Ceramic Tiles Manufacturing Company. Social 

Sciences 2018, Vol. 7, Page 255, 7(12), 255. 

https://doi.org/10.3390/SOCSCI7120255 

[7]. Geissdoerfer, M., Savaget, P., Bocken, N. M. P., & Hultink, 

E. J. (2017). The Circular Economy – A new sustainability 

paradigm? Journal of Cleaner Production, 143, 757–768. 

https://doi.org/10.1016/J.JCLEPRO.2016.12.048 

[8]. Ghobakhloo, M., Fathi, M., Okwir, S., Al-Emran, M., & 

Ivanov, D. (2025). International Journal of Production 

Research Adaptive social manufacturing: a human-centric, 

resilient, and sustainable framework for advancing Industry 

5.0: Adaptive social manufacturing: a human-centric, 

resilient, and sustainable framework for advanci…. 

International Journal of Production Research. 

https://doi.org/10.1080/00207543.2025.2559137 

[9]. Hobson, K., & Lynch, N. (2016). Diversifying and de-

growing the circular economy: Radical social 

transformation in a resource-scarce world. Futures, 82, 15–

25. https://doi.org/10.1016/J.FUTURES.2016.05.012 

[10]. Industry 5.0: The Human-Centric Future of Industry. 

Retrieved November 11, 2025, from 

https://link.springer.com/book/9783032126214 

 

 

 

https://link.springer.com/book/9783032126214


Volume 11, Issue 1, January – 2026                                       International Journal of Innovative Science and Research Technology 

ISSN No:-2456-2165                                                                                                                      https://doi.org/10.38124/ijisrt/26jan1150 

 

 

IJISRT26JAN1150                                                                 www.ijisrt.com                                                                                      2319         

[11]. International Energy Agency. (2022). Global EV Outlook 

2022: Securing supplies for an electric future. Paris: IEA. - 

Google Search. (n.d.). Retrieved November 11, 2025 

[12]. Kamble, S. S., Gunasekaran, A., & Gawankar, S. A. (2020). 

Achieving sustainable performance in a data-driven 

agriculture supply chain: A review for research and 

applications. International Journal of Production 

Economics, 219, 179–194. 

https://doi.org/10.1016/J.IJPE.2019.05.022 

[13]. Kouhizadeh, M., Saberi, S., & Sarkis, J. (2021). Blockchain 

technology and the sustainable supply chain: Theoretically 

exploring adoption barriers. International Journal of 

Production Economics, 231, 107831. 

https://doi.org/10.1016/J.IJPE.2020.107831 

[14]. Kouhizadeh, M., & Sarkis, J. (2018). Blockchain Practices, 

Potentials, and Perspectives in Greening Supply Chains. 

Sustainability 2018, Vol. 10, Page 3652, 10(10), 3652. 

https://doi.org/10.3390/SU10103652 

[15]. Lopes de Sousa Jabbour, A. B., Jabbour, C. J. C., Godinho 

Filho, M., & Roubaud, D. (2018). Industry 4.0 and the 

circular economy: a proposed research agenda and original 

roadmap for sustainable operations. Annals of Operations 

Research 2018 270:1, 270(1), 273–286. 

https://doi.org/10.1007/S10479-018-2772-8 

[16]. Lu, Y., Liu, C., Wang, K. I. K., Huang, H., & Xu, X. (2020). 

Digital Twin-driven smart manufacturing: Connotation, 

reference model, applications and research issues. Robotics 

and Computer-Integrated Manufacturing, 61, 101837. 

https://doi.org/10.1016/J.RCIM.2019.101837 

[17]. Nahavandi, S., & Nahavandi, S. (2019). Industry 5.0—A 

Human-Centric Solution. Sustainability 2019, Vol. 11, 

11(16). https://doi.org/10.3390/SU11164371 

[18]. Okorie, O., Salonitis, K., Charnley, F., Moreno, M., Turner, 

C., & Tiwari, A. (2018). Digitisation and the Circular 

Economy: A Review of Current Research and Future 

Trends. Energies 2018, Vol. 11, Page 3009, 11(11), 3009. 

https://doi.org/10.3390/EN11113009 

[19]. Pieroni, M. P. P., McAloone, T. C., & Pigosso, D. C. A. 

(2019). Business model innovation for circular economy 

and sustainability: A review of approaches. Journal of 

Cleaner Production, 215, 198–216. 

https://doi.org/10.1016/J.JCLEPRO.2019.01.036 

[20]. Qi, Q., Tao, F., Hu, T., Anwer, N., Liu, A., Wei, Y., Wang, 

L., & Nee, A. Y. C. (2021). Enabling technologies and tools 

for digital twin. Journal of Manufacturing Systems, 58, 3–

21. https://doi.org/10.1016/J.JMSY.2019.10.001 

[21]. Rajput, S., & Singh, S. P. (2019). Connecting circular 

economy and industry 4.0. International Journal of 

Information Management, 49, 98–113. 

https://doi.org/10.1016/J.IJINFOMGT.2019.03.002 

[22]. Rosa, P., Sassanelli, C., & Terzi, S. (2019). Towards 

Circular Business Models: A systematic literature review 

on classification frameworks and archetypes. Journal of 

Cleaner Production, 236, 117696. 

https://doi.org/10.1016/J.JCLEPRO.2019.117696 

 

[23]. Saberi, S., Kouhizadeh, M., Sarkis, J., & Shen, L. (2019). 

Blockchain technology and its relationships to sustainable 

supply chain management. International Journal of 

Production Research, 57(7), 2117–2135. 

https://doi.org/10.1080/00207543.2018.1533261 

[24]. Union, P. O. of the E. (2021). Industry 5.0 : towards a 

sustainable, human-centric and resilient European industry. 

https://doi.org/10.2777/308407 

 

https://doi.org/10.1016/J.JCLEPRO.2019.117696

	I. INTRODUCTION
	II. LITERATURE REVIEW
	IV. PROPOSED CEI5 FRAMEWORK
	 Framework Structure and Application Flow
	The CEI5 Framework follows a cyclical process:
	 Input Layer: Industrial processes, raw materials, waste streams, and energy flows.
	 Enabler Layer: Industry 5.0 technologies process these inputs to enhance sustainability.
	 Output Layer: Reduced waste, circular material flows, carbon neutrality, and socio-economic     benefits.
	 Feedback Loop: Continuous monitoring and improvement using IoT data and AI analytics.

	 Novelty of CEI5 Framework
	 Holistic Integration: Unlike prior studies that consider isolated technologies, the CEI5 Framework provides a systematic mapping of CE strategies to multiple Industry 5.0 enablers.
	 Human-Centric Dimension: It incorporates the role of human creativity and decision-making, recognizing that CE adoption is not purely technical but also social and cultural.
	 Scalability & Policy Relevance: The framework is designed to be adaptable across sectors and provides a decision-making tool for policymakers, industry leaders, and researchers.


	V. APPLICATION OF THE CEI5 FRAMEWORK: CASE ILLUSTRATIONS
	  Automotive Industry
	  Electronics Industry
	  Textile and Fashion Industry
	  Comparative Insights across Industries

	VI. DISCUSSION AND CHALLENGES
	  Technological Challenges
	 Economic and Financial Challenges
	 Policy and Regulatory Challenges
	  Social and Cultural Challenges
	  Opportunities for Advancing CEI5
	 Future Research Directions
	  Synthesis

	VII. CONCLUSION
	REFERENCES

