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Abstract: In response to growing environmental pressures and material constraints, circular economy 

principles are gaining traction across manufacturing sectors. However, most existing frameworks 

emphasize design and supply chain considerations, with limited focus on how circularity can be 

operationalized within internal manufacturing systems. This paper proposes a conceptual model that 

embeds circular operations at the core of production strategy. Grounded in circular economy theory, 

operations management, and socio-technical systems thinking, the model identifies four key 

operational pillars: circular input management, looping process and waste valorization, product life 

extension, and reverse logistics. These are supported by enabling factors—digital infrastructure, 

organizational culture, and leadership—and mediated by operational flexibility, which facilitates 

adaptive, closed-loop performance. The model aims to align internal processes with long-term 

sustainability outcomes, specifically resource efficiency and operational resilience. Practical 

implications are outlined for resource-intensive industries such as automotive, electronics, and 

FMCG, along with a readiness assessment framework for guiding implementation. This study offers 

a pathway for future empirical research and policy development by integrating circular logic into the 

structural and behavioral dimensions of operations. The model contributes to advancing Sustainable 

Development Goals (SDGs), particularly SDG 9 and SDG 12, by positioning circularity as a 

regenerative operational strategy rather than a peripheral initiative. 

Keywords: circular operations; operational sustainability; resource efficiency; socio-technical 

systems; manufacturing strategy; reverse logistics; product life extension; operational flexibility 

 

1. Introduction 

1.1. Background and Problem Statement 

The manufacturing sector remains one of the largest contributors to global environmental 

degradation, consuming vast quantities of raw materials and generating significant greenhouse gas 

emissions [1,2]. The prevailing linear production model—characterized by the „take–make–dispose” 

paradigm—has proven unsustainable in the face of escalating ecological crises and increasing 

resource scarcity [3]. In this linear logic, products are designed for obsolescence, materials are 

discarded rather than reused, and value is extracted without regard for systemic consequences. 

To address these concerns, the circular economy (CE) has emerged as a regenerative alternative. 

CE principles such as reduce, reuse, recycle, and regenerate offer a vision for sustainable industrial 

systems that extend product life cycles and revalorize waste as a resource [4–6]. However, despite 

the growing popularity of circular discourse among firms and policymakers, its practical 

implementation within operational processes remains limited and fragmented. Many organizations 

engage with circularity symbolically—through CSR reporting or pilot projects—without embedding 

it into core production routines [7,8]. 
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Without a systematic operational transformation, the promise of circularity risks becoming 

superficial. Operational sustainability cannot be achieved by design or supply chain adjustments 

alone; it requires reconfiguring how manufacturing activities are structured, resourced, and 

governed [9]. This paper responds to that critical need. 

1.2. Research Gap and Motivation 

While circular economy frameworks are well-documented in the literature, their integration into 

operations management (OM) remains underdeveloped [10,11]. Existing research often emphasizes 

product eco-design, supply chain reconfiguration, or macroeconomic policy, yet fails to articulate 

how circular principles can be translated into actionable routines within the production floor [12,13]. 

A limited number of studies have addressed this gap by proposing typologies or maturity models, 

but few provide a systems-oriented, operations-specific conceptual model tailored to the realities of 

manufacturing firms [14]. 

This conceptual void is especially pressing given the current technological transition. Industry 

4.0, digital twins, and real-time analytics offer new possibilities for circular implementation, yet these 

enablers are not consistently integrated with operations strategy [15–17]. Moreover, cultural and 

organizational barriers—such as resistance to change, lack of internal alignment, and siloed 

sustainability initiatives—further complicate circular adoption at the operational level [18]. 

To move beyond fragmented initiatives, the field requires a comprehensive model that 

incorporates circular operations pillars, enabling technologies and conditions, and mediating 

organizational capabilities. This paper aims to construct such a model, grounded in socio-technical 

systems theory and aligned with sustainable development goals. 

1.3. Research Aim and Contribution 

This paper seeks to develop a conceptual model that enables the integration of circular principles 

into the operational core of manufacturing systems. Specifically, it proposes an interlinked 

framework that combines four operational pillars—circular input management, looping processes, 

product life extension, and reverse logistics—with key enablers (e.g., digital technologies, 

organizational culture) and a mediating mechanism: operational flexibility. 

The core contributions of this paper are as follows: 

▪ Theoretical Advancement: It bridges circular economy theory with operations management by 

offering a holistic and systems-based conceptualization of circular operations. 

▪ Managerial Guidance: It provides a structured model for decision-makers to guide operational 

transformation toward sustainability and resource efficiency. 

▪ Policy and Sustainability Alignment: The framework supports the realization of Sustainable 

Development Goal (SDG) 9 (Industry, Innovation, and Infrastructure) and SDG 12 (Responsible 

Consumption and Production), thereby aligning with global sustainability mandates. 

Unlike prior works that isolate environmental efforts in design or logistics functions, this model 

adopts a cross-functional lens, addressing interdependencies across operational layers. By grounding 

the model in socio-technical systems theory, it emphasizes the co-evolution of processes, 

technologies, and people—ensuring that the transition toward circularity is not merely technical, but 

organizationally embedded and culturally supported [19–21]. 

1.4. Structure of the Paper 

The remainder of the paper is structured as follows. Section 2 reviews the theoretical foundations 

of the model, focusing on circular economy principles, operational sustainability strategies, and 

socio-technical systems theory. Section 3 outlines the conceptual development of the model, detailing 

the key components, enablers, and mediating mechanisms. Section 4 presents the proposed 

conceptual framework, supported by visual diagrams and a systemic analysis. Section 5 discusses 

the theoretical and managerial implications of the model. Section 6 offers directions for future 
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research, and Section 7 concludes with a summary of contributions and reflections on circular 

operations in manufacturing. 

2. Theoretical Background 

2.1. Circular Economy Foundations in Manufacturing 

The concept of the circular economy (CE) has evolved into a cornerstone of contemporary 

sustainability discourse, particularly in resource-intensive industries such as manufacturing. At its 

core, CE challenges the conventional linear economic model by emphasizing a restorative and 

regenerative approach to production and consumption [22]. Rather than pursuing efficiency through 

volume and velocity of material throughput, CE advocates for systemic resource stewardship, aiming 

to decouple economic growth from environmental degradation [23,24]. 

CE is built upon four core principles that guide the transformation of industrial systems: 

▪ Reduce: minimizing the input of raw materials and energy through more efficient design and 

production strategies. 

▪ Reuse: extending the usable life of components and products through reuse in original or 

alternative functions. 

▪ Recycle: reprocessing materials to be reintroduced into production systems without significant 

loss of quality. 

▪ Regenerate: enabling natural systems and materials to restore themselves, especially in bio-based 

cycles [25,26]. 

In manufacturing, these principles are operationalized through two dominant system 

constructs: 

1) Closed-Loop Systems 

Closed-loop manufacturing involves designing processes in which waste materials are 

reabsorbed into the production cycle as new inputs, effectively eliminating the traditional concept of 

waste [27,28]. This model necessitates technical innovation in sorting, disassembly, and 

remanufacturing, as well as product designs that facilitate modularity and material recovery. 

Industries such as electronics, automotive, and textiles have begun exploring this model, though its 

mainstream implementation remains limited. 

2) Industrial Symbiosis 

A broader extension of the closed-loop idea is found in industrial symbiosis, where the waste or 

by-products of one process or firm become valuable inputs for another. This inter-organizational 

cooperation redefines supply chains as networks of mutual material exchange, rather than linear 

delivery systems [29–31]. Eco-industrial parks in Denmark, Japan, and China provide compelling 

examples of how industrial symbiosis can reduce resource dependence and generate collective 

environmental gains [32,33]. 

Importantly, circularity is not merely about end-of-life strategies, but increasingly about 

designing systemic operational transformations. CE requires a paradigm shift in how manufacturing 

systems are conceptualized—from linear throughput models focused on efficiency, toward 

regenerative systems that prioritize durability, adaptability, and material circularity across the entire 

product life cycle [34–36]. 

This shift involves integrating CE into the DNA of operations strategy, requiring changes in how 

processes are configured, how success is measured, and how organizational capabilities are 

developed. It also demands coordination across functions such as procurement, product 

development, and logistics—making circularity not just a technical strategy, but a cross-functional 

operational philosophy [37–39]. 

As CE moves from a conceptual aspiration to a strategic imperative, it becomes essential to frame 

circularity as a core logic for redesigning manufacturing operations, rather than as a peripheral 

sustainability initiative. The next sections elaborate how this logic intersects with operational 

efficiency and socio-technical complexity in modern manufacturing environments. 
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2.2. Operations Management for Sustainability 

Operations management (OM) has long been the engine room of industrial progress, 

traditionally concerned with optimizing productivity, cost, and quality. Yet in an era of climate 

breakdown, resource scarcity, and shifting stakeholder expectations, this discipline faces a renewed 

imperative: to enable sustainability not only at the strategic level but within the heartbeat of daily 

operations [40]. 

Over the past two decades, three sustainability-oriented paradigms have emerged within OM: 

lean, green, and circular. While all three strive to minimize waste and improve resource utilization, 

they do so with distinct philosophies and tools—and more importantly, with different endpoints in 

mind. 

Lean operations, rooted in the Japanese manufacturing tradition, emphasize the elimination of 

all forms of waste (muda) that do not add value from the customer’s perspective. This includes time, 

inventory, overproduction, and unnecessary motion. Lean is process-driven, data-informed, and 

intensely focused on flow and efficiency [41–43]. However, lean tends to focus inward—on the 

boundaries of the firm—often overlooking environmental or social externalities. 

Green operations expand the scope of concern. They integrate environmental performance 

metrics into decision-making, aiming to reduce carbon emissions, energy consumption, and water 

usage. Unlike lean, green thinking incorporates regulatory compliance, eco-labeling, and life-cycle 

assessments into operations strategy [44]. Yet, many green initiatives are implemented as isolated 

programs—environmental add-ons rather than systemic redesigns. 

The circular operations approach represents a deeper shift. Rather than treating sustainability as 

an efficiency problem or a compliance issue, circularity reimagines the operational system itself. 

Products are designed to last longer, be repaired, remanufactured, or returned—and operations are 

configured to close the loop on material flows. This calls for a fundamental change in processes, 

technologies, and organizational mindsets [45,46]. 

Importantly, these paradigms are not exclusive. In fact, the intersection of lean, green, and 

circular offers fertile ground for innovation. For example, lean’s discipline in reducing 

overproduction can complement green goals of lowering emissions, while circular systems benefit 

from lean’s focus on precision and waste avoidance. However, conflicts also arise: lean’s drive for 

minimal inventory may clash with the storage needs of reverse logistics in circular models, and green 

procurement may overlook reuse potential if lifecycle thinking is absent [47]. 

To provide clarity on how these paradigms compare—and where they may complement or 

contradict each other—Table 1 summarizes their defining features across key operational 

dimensions. 

Table 1. Comparative Summary of Lean, Green, and Circular Operations. 

Dimension Lean Operations Green Operations Circular Operations 

Primary Objective 
Process efficiency and waste 

elimination 
Environmental impact reduction 

Systemic resource regeneration and 

loop closure 

Scope of Waste 
Time, motion, inventory, 

overproduction 

Emissions, pollution, energy and 

water use 

Material loss, product obsolescence, 

underutilized assets 

System Focus Internal process optimization Compliance and lifecycle analysis 
Cross-functional and cross-boundary 

resource flow 

Operational Tools 
Value stream mapping, 5S, JIT, 

Kaizen 

ISO 14001, eco-efficiency metrics, 

LCA tools 

Reverse logistics, product-service 

systems, take-back models 

Time Horizon 
Short- to mid-term performance 

gains 

Mid- to long-term environmental 

performance 

Long-term systemic redesign and 

regeneration 

Challenges 
May neglect environmental 

externalities 
Often fragmented and reactive  

2.3. Socio-Technical System Theory 
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The transition toward circular operations in manufacturing cannot be achieved through 

technological innovation alone. Nor can it succeed through isolated managerial initiatives. At its core, 

circularity is a systemic transformation—and to understand such transformation, we must adopt a 

lens that views organizations not merely as technical machines, but as dynamic configurations of 

human, social, and technical subsystems. This is precisely the premise of the socio-technical system 

(STS) theory. 

Originating in the 1950s from work by the Tavistock Institute, STS theory posits that 

organizations are open systems, embedded in and responsive to their environment, composed of two 

interdependent sub-systems: the technical (tools, processes, infrastructure) and the social (people, 

norms, culture) [48,49]. Sustainable and effective performance emerges only when these sub-systems 

are jointly optimized, not treated in isolation. 

In the context of manufacturing, this perspective is particularly vital. Circular operations require 

not only the adoption of new technologies—such as AI-enabled waste tracking or IoT-based 

remanufacturing—but also new routines, mindsets, and institutional structures that support 

collaboration, adaptability, and long-term orientation [50,51]. Without alignment between the 

technological design of operations and the human systems that enact them, circularity risks becoming 

a technical ideal unsupported by organizational reality. 

STS theory challenges the notion that sustainability can be „engineered” purely through 

technical systems. It emphasizes the interdependence of actors, artifacts, and structures. For instance, 

a closed-loop material system may fail if employees are not trained to separate components correctly; 

similarly, an AI-powered optimization tool may underperform without a culture of data-informed 

decision-making [52]. Circular operations, therefore, must be designed with awareness of how social 

behavior and institutional logic shape system performance. 

Moreover, STS provides the conceptual foundation to understand how organizations adapt over 

time. In rapidly evolving sustainability contexts—where regulations, technologies, and stakeholder 

expectations are in constant flux—organizations must function as adaptive systems, capable of 

sensing, learning, and restructuring [53]. This view aligns closely with the aims of Sustainability 

journal, which emphasizes system analysis, resilience, and transdisciplinary approaches to 

sustainable development. 

In this paper, the proposed conceptual model (see Section 4) is grounded in STS theory. It treats 

circular operations not as a checklist of tools, but as a socio-technical reconfiguration—requiring 

integrated redesign of processes, technologies, and organizational capacities. The mediating role of 

operational flexibility reflects this integration: flexibility is not simply a production feature, but an 

emergent property of a system where human and technical components are aligned for adaptive, 

circular performance [54]. 

By using STS as its theoretical anchor, this framework contributes not only to the 

operationalization of circular economy principles but also to the broader discourse on sustainable 

organizational transformation—resonating with both the technical and social dimensions of 

sustainability science. 

3. Conceptual Framework Construction 

3.1. Core Components of Circular Operations 

In designing circular operations, it is essential to move beyond abstract principles and identify 

core components that can be translated into tangible operational strategies. Drawing from circular 

economy literature and socio-technical systems theory, this paper outlines four fundamental pillars 

of circular operations that—when integrated into the design and execution of manufacturing 

systems—can drive sustainable and regenerative performance. 

These pillars represent not just discrete initiatives, but interlocking capabilities that enable 

organizations to reduce dependency on virgin resources, minimize waste, and close material loops. 
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Each pillar addresses a specific phase of the product-material cycle and is rooted in a systemic 

understanding of how value can be retained, recovered, and recirculated across the operation. 

1) Circular Input Management 

At the foundation of circular operations lies input substitution—shifting away from finite and 

non-renewable materials toward renewable, recycled, or biodegradable inputs. This involves 

redesigning procurement strategies, engaging with new supplier ecosystems, and often 

reengineering product components to accommodate alternative materials [55]. Circular input 

management also requires assessment of material circularity, traceability mechanisms, and life-cycle 

compatibility. 

Beyond the material dimension, this pillar supports strategic objectives such as supply chain 

resilience, cost reduction from secondary material use, and alignment with environmental 

regulations or eco-certification schemes [56]. 

2) Looping Process & Waste Valorization 

This pillar focuses on redesigning production processes to recapture by-products, scraps, and 

emissions and reintegrate them as valuable inputs—either within the same process or across different 

operations [57]. It includes strategies such as industrial symbiosis, internal material recovery loops, 

energy recovery, and process innovation for by-product transformation. 

Rather than treating waste management as an end-of-pipe solution, circular looping reframes 

production waste as a secondary resource stream, enhancing both environmental and operational 

efficiency. Technologies like real-time waste tracking, AI-enabled material segregation, and modular 

processing lines support this pillar’s implementation. 

3) Product Life Extension 

Extending the functional lifespan of products is central to reducing resource depletion and 

material throughput. Product Life Extension (PLE) encompasses strategies such as repair, 

refurbishing, remanufacturing, and upgradability [58–61]. From a design perspective, this requires 

modularity, standardization, and disassembly-friendly interfaces. From an operational standpoint, it 

calls for service-oriented capabilities, reverse engineering processes, and warranty redesign. 

PLE shifts the role of operations from pure production to value regeneration, often supported 

by digital twins, condition monitoring, and predictive maintenance technologies. The business logic 

moves toward performance-based or product-service systems (PSS), reinforcing both customer 

retention and resource stewardship [58,62]. 

4) Reverse Logistics Integration 

Circularity cannot succeed without efficient mechanisms to return, sort, and reintegrate 

products or materials after use. Reverse logistics is not merely a supply chain issue—it is an 

operational challenge involving storage, disassembly, testing, and secondary use routing [63]. For 

reverse flows to be effective, firms must develop infrastructures for product take-back, customer 

participation models, and digital tracking of post-use assets. 

Integrating reverse logistics into operations provides strategic advantages: access to secondary 

materials, visibility into product usage patterns, and a pathway to engage with circular business 

models such as leasing or buy-back programs. 

To synthesize the roles and contributions of each pillar, Table 2 provides a comparative 

overview—including definitions, core objectives, and strategic value within a circular operations 

context. 

Table 2. Definition, Objective, and Strategic Value of Each Circular Operation Pillar. 

Circular Pillar Definition Primary Objective Strategic Value 

Circular Input 

Management 

Substituting virgin materials with 

renewable, recycled, or 

biodegradable inputs 

Reduce environmental footprint 

at the source 

Enhances material circularity and 

supply chain resilience 

Looping & Valorization 

Redesigning processes to reuse or 

recover by-products and internal 

waste streams 

Close internal material loops and 

minimize waste 

Increases resource productivity and 

lowers operational costs 
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Product Life Extension 

Strategies to extend product lifespan 

through repair, refurbishment, or 

reman 

Maximize functional utility and 

reduce new production needs 

Enables servitization, reduces raw 

material dependency, and fosters 

customer loyalty 

Reverse Logistics 

Systems to retrieve, sort, and 

reintegrate post-use products or 

materials 

Enable closed-loop flows and 

material recovery from end users 
Supports circular mod 

If these pillars are viewed in isolation, circular operations risk fragmentation. The next section, 

therefore, explores the enabling conditions and mediating mechanisms that bind these pillars into a 

cohesive, adaptive system. 

3.2. Enablers of Circular Operations 

Circular operations cannot be realized through technical process design alone. They depend 

heavily on the enabling infrastructure—both technological and organizational—that supports the 

activation, coordination, and evolution of circular practices. While the operational pillars described 

earlier provide the what of circularity, the enablers represent the how—the necessary conditions that 

empower and sustain circular transformation across functions and time. 

Three categories of enablers stand out as particularly critical for manufacturing firms striving to 

embed circularity at the operational level: digital technologies, organizational culture, and leadership 

commitment. 

1) Digital Technologies: IoT, Big Data, and AI 

The integration of digital technologies is one of the most transformative enablers of circular 

operations. Tools such as Internet of Things (IoT) sensors, Big Data analytics, and Artificial 

Intelligence (AI) provide real-time visibility into material flows, product conditions, and waste 

generation points—enabling firms to design responsive and adaptive systems [64,65]. 

IoT devices can track usage patterns, detect anomalies in production, and signal maintenance 

needs, thereby supporting product life extension and predictive servicing. Meanwhile, AI algorithms 

can optimize reverse logistics routes, identify remanufacturing opportunities, and dynamically 

allocate secondary materials to minimize waste and costs [66]. Big Data further enhances decision-

making by revealing inefficiencies and simulating closed-loop scenarios that would be impossible to 

manage manually. 

In essence, digitalization converts the circular economy from a static design ideal into a data-

driven operational reality. 

2) Organizational Culture for Circularity 

While technologies may offer the tools for change, culture determines whether change takes 

root. A circular operations model requires more than compliance; it demands a shift in how 

employees think about waste, value, responsibility, and success. Cultures that reward short-term 

throughput and cost-cutting can stifle circular ambitions, no matter how advanced the tools deployed 

[67–69]. 

By contrast, an organizational culture that internalizes sustainability principles—prioritizing 

long-term impact, collaborative problem-solving, and systems thinking—can foster the cross-

functional integration required for circular success. Such cultures are characterized by openness to 

experimentation, psychological safety for innovation, and shared ownership over environmental 

performance. 

Importantly, cultural transformation often precedes performance gains. It is the invisible 

architecture that aligns behavior with vision, embedding circular thinking into daily routines and 

operational decisions [70]. 

3) Leadership Commitment to Regenerative Operations 

Lastly, leadership plays a catalytic role in setting direction, allocating resources, and legitimizing 

new models of operational performance. Circular transformation is inherently disruptive—it 

challenges KPIs, redefines stakeholder priorities, and often requires a leap of faith before benefits 
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materialize. Without clear and consistent leadership commitment, circular initiatives risk being 

relegated to symbolic gestures or isolated pilot projects [71]. 

Regenerative operations—those designed not only to sustain but to restore and renew—demand 

strategic foresight and moral courage from leaders. These leaders must go beyond supporting 

sustainability rhetorically; they must translate values into budgets, policies, and expectations. They 

must also create incentives that align performance evaluation with circular outcomes: not just units 

produced, but value retained and impact avoided [72,73]. 

Leadership, in this view, is not just hierarchical—it can also emerge through distributed 

champions who advocate for circularity across departments, linking top-down vision with bottom-

up action. 

Together, these enablers form the supportive ecosystem within which circular operations can be 

imagined, tested, scaled, and sustained. Without them, even the most well-designed operational 

models will struggle to survive inertia, fragmentation, or organizational resistance. The next section 

introduces a mediating capability—operational flexibility—that links these enablers to actual 

performance in dynamic industrial contexts. 

4. Proposed Conceptual Model 

4.1. Overview of the Conceptual Framework 

Circular operations represent a transformative shift in how manufacturing systems are 

designed, executed, and evaluated. Yet, the complexity of this transformation—spanning 

technologies, people, processes, and mindsets—necessitates a conceptual framework that offers 

clarity, structure, and strategic direction. The proposed model in this paper is grounded in circular 

economy principles, informed by socio-technical systems theory, and oriented toward achieving 

operational sustainability and resource efficiency in manufacturing contexts. 

At its foundation, the model draws from the logic of the circular economy: that value should be 

retained and regenerated through continual cycles of use, recovery, and reintegration [74]. But unlike 

traditional CE frameworks that focus on product design or end-of-life logistics, this model locates 

circularity at the heart of operations, treating production not as a linear function but as a dynamic, 

adaptive, and circular system. 

The second layer of the model integrates socio-technical thinking, recognizing that operational 

change is not just about machines or flows—it is about people, culture, information, and interaction. 

The model acknowledges that enabling circular operations requires technological infrastructure, 

organizational commitment, and cultural alignment to drive systemic behavior change [75]. 

Finally, the framework introduces operational flexibility as a mediating capability: a dynamic 

competence that allows firms to absorb complexity, reconfigure resources, and respond to shifting 

material and market conditions [76,77]. Flexibility ensures that circular practices can adapt to scale, 

seasonality, and technological evolution, making the model not only sustainable but also resilient. 

To visually capture the interplay between the pillars, enablers, mediator, and outcomes, Figure 

1 presents the proposed conceptual model for embedding circular operations in manufacturing. 
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Figure 1. The Proposed Conceptual Model for Embedding Circular Operations in Manufacturing. 

This model integrates four operational pillars, three enabling factors, and a mediating variable 

(operational flexibility), all framed within a socio-technical systems (STS) perspective to support 

resource efficiency and operational sustainability. 

4.2. Component Analysis of the Model 

The conceptual model illustrated in Figure 1 is designed not merely as a structural 

representation, but as a strategic mapfor embedding circularity into the core of manufacturing 

operations. To operationalize the model, it is essential to unpack its constituent elements—each of 

which plays a distinct yet interdependent role in enabling regenerative, efficient, and adaptive 

production systems. 

These components are categorized into three functional layers: foundational pillars of circular 

operations, a mediating capability (operational flexibility), and a set of key enablers (technological, 

cultural, and leadership-based). Together, they converge toward a unified outcome: resource 

efficiency and operational sustainability. The following sections provide a concise yet integrative 

explanation of each component, drawing from the theoretical foundations established in earlier 

chapters. 

Circular Input Management 

This foundational pillar focuses on substituting finite, virgin materials with renewable, recycled, 

or biodegradable alternatives. As aligned with the “reduce” principle of circular economy theory, 

this component emphasizes sustainability at the point of material entry into the operational system 

[78,79]. Its implementation requires rethinking procurement standards and forming partnerships 

with circular suppliers, often necessitating redesign in product architecture to ensure compatibility. 

In socio-technical terms, this transformation is not merely technical—it involves training 

procurement teams, revising quality standards, and redesigning supplier evaluation mechanisms 

[80]. 

Looping Process & Waste Valorization 

This component seeks to redesign internal processes so that production residues, offcuts, and 

energy losses are reintegrated as productive inputs, either within the same system or in synergy with 

other operations. Inspired by industrial symbiosis and internal circularity concepts, it reflects the 

“reuse” and “recycle” aspects of CE [81,82]. 
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Technological innovations such as smart waste mapping and energy recovery systems support 

this loop, but their success depends on a process culture that encourages experimentation, 

modularity, and feedback [83–85]. 

Product Life Extension 

Extending the useful life of products through repair, remanufacturing, modular upgrades, or 

refurbishment is essential to circular performance. This component challenges traditional production 

KPIs based on volume and speed, and shifts focus toward durability, serviceability, and lifecycle 

performance [86]. 

It integrates lean precision with green responsibility by slowing material throughput while 

maintaining value creation. Culturally, it demands customer-centric thinking and cross-

departmental collaboration, particularly between design, engineering, and service operations [87,88]. 

Reverse Logistics Integration 

Efficient and traceable reverse logistics is what connects consumption back to production. This 

component enables products or materials to be retrieved, sorted, and reprocessed for further use, 

thereby closing the operational loop [89–91]. 

Its success depends on digital infrastructure, transparent policies, and user engagement, but also 

on a mindset shift—from linear delivery to circular flow thinking. When fully embedded, reverse 

logistics becomes a value-generating function rather than a cost center [92,93]. 

Operational Flexibility (Mediator) 

Serving as the connective tissue of the model, operational flexibility enables the firm to respond 

dynamically to changes in material input, customer usage patterns, and feedback from reverse flows. 

It is the capacity to adapt without sacrificing efficiency, and it is what transforms circular initiatives 

from fixed routines into scalable systems [94]. 

From a socio-technical perspective, flexibility is an emergent capability—requiring both 

reconfigurable technologies and an agile workforce culture [95]. It is this capability that allows 

enablers to influence outcomes meaningfully and makes circularity operationally viable. 

Enabling Factors: Digitalization, Culture, and Leadership 

These enablers form the contextual foundation that empowers all pillars and sustains system 

adaptability: 

▪ Digitalization equips the system with real-time data, predictive analytics, and smart coordination 

mechanisms [96]. 

▪ Organizational culture fosters the shared norms and trust necessary for system-wide 

collaboration. 

▪ Leadership commitment aligns circular goals with corporate strategy, ensures policy coherence, 

and signals legitimacy to stakeholders [97]. 

Enablers are not passive background elements—they are active design levers that determine the 

speed, depth, and durability of circular integration. 

Outcome: Resource Efficiency & Operational Sustainability 

The ultimate objective of the model is to achieve resource efficiency (maximizing value per unit 

input) and operational sustainability (systems that endure, adapt, and regenerate). This dual outcome 

encapsulates both performance and resilience, and it reflects the essence of circularity as not just an 

ecological ideal, but a strategic operational advantage [98,99]. 

4.3. Feedback Mechanism and Systemic Interdependence 

The effectiveness of circular operations lies not in the execution of individual components, but 

in how these components interact, adapt, and evolve over time. This requires a shift in perspective—

from viewing operations as linear pipelines to understanding them as feedback-driven systems that 

continuously learn, adjust, and regenerate. Within this view, feedback mechanisms become essential 

not only for control, but for transformation. 

In circular operations, two components play a critical role in sustaining re-looping cycles: reverse 

logistics and product life extension. These elements provide the physical and informational flows 
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that allow used products, materials, or components to re-enter the system—not as waste, but as 

inputs of renewed value. Their effectiveness depends not only on infrastructure and design, but on 

the existence of a closed-loop intelligence that ensures learning and adaptation from every cycle [100]. 

For instance, data gathered from returned products—such as frequency of component failure, 

wear patterns, or user behavior—can inform upstream design modifications, process adjustments, 

and material choices. Similarly, insights from repair or refurbishment processes can feed back into 

supplier evaluation, predictive maintenance protocols, or customer education programs. This 

feedback-driven flow ensures that operations are not static, but continuously shaped by real-world 

performance and circular outcomes [101]. 

Moreover, feedback enhances resilience. When disruptions occur—such as material shortages, 

shifts in demand, or regulatory changes—systems with embedded feedback loops can reconfigure 

more rapidly. Operational flexibility (Section 4.2) is the internal capability that allows this adaptation 

to occur, but feedback is the trigger and compass for reconfiguration. Without it, flexibility lacks 

direction. 

To visualize how this works, Figure 2 illustrates the circular feedback loop mechanism 

embedded within the proposed model. It highlights how inputs and outputs are connected through 

operational and informational flows, and how learning occurs across life cycle stages to improve both 

performance and sustainability. 

 

Figure 2. Circular Feedback Loop Mechanism for Sustainable Operations. 

This visual illustrates the continuous flow of materials and information across the core circular 

operation pillars. Reverse logistics and product life extension form the basis of re-looping, while data 

feedback enables system-wide adaptation, optimization, and resilience. The diagram emphasizes that 

sustainable operations are not fixed structures but dynamic systems informed by feedback, enabled 

by flexibility, and driven by learning. 

In essence, feedback transforms the system from reactive to regenerative. It ensures that 

circularity is not only designed but self-reinforced—turning each operational cycle into a source of 

insight, innovation, and improvement. 

4.4. Model Validation Considerations and Theoretical Assumptions 

While the proposed conceptual model presents a coherent framework for embedding circular 

operations into manufacturing, it is not without boundary conditions and theoretical assumptions. A 

clear articulation of these foundations is essential—not only to acknowledge the model’s scope, but 

also to provide guidance for future empirical testing and practical adaptation. 

Theoretical Assumptions 
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At its core, the model assumes that manufacturing organizations possess a minimum threshold 

of structural and strategic readiness. Specifically, three enabling preconditions are implied: 

1) Digital Infrastructure 

The model presumes the existence of digitally enabled operations, including sensor networks 

(e.g., IoT), real-time analytics (e.g., Big Data), and decision-support systems (e.g., AI tools). These 

technologies are essential to ensure visibility, traceability, and control over complex circular flows 

[102,103]. Organizations lacking such infrastructure may find the execution of real-time reverse 

logistics, looping processes, or product recovery unfeasible. 

2) Leadership Commitment 

A foundational assumption is that leadership is aligned with long-term, regenerative strategies, 

and is willing to embed circular KPIs into operational performance measurement. Without such 

commitment—financially and culturally—the model’s pillars risk being fragmented or deprioritized 

amid competing operational pressures [104]. 

3) Maturity in Lean and Green Operations 

The model is most applicable in organizational contexts where lean and green practices are 

already embedded. This includes experience with waste minimization, energy efficiency, and value 

stream mapping. These foundational practices offer a base upon which more complex circular 

processes—such as remanufacturing or product-service systems—can be layered effectively [105]. 

These assumptions position the model as a next-step evolution in organizations already oriented 

toward efficiency and sustainability, rather than as a basic starting point for firms with minimal 

systems or fragmented operations. 

Scenarios for Theoretical and Empirical Validation 

To advance the model from conceptual to empirical relevance, several research scenarios may 

be pursued: 

▪ Exploratory case studies can investigate how the model manifests in real manufacturing settings. 

For instance, longitudinal case research in firms implementing circular initiatives could assess 

which pillars are activated first, how enablers are aligned, and what trade-offs emerge during 

transitions. 

▪ Structural equation modeling (SEM) or partial least squares (PLS) could be employed to test the 

mediating effect of operational flexibility between enablers (e.g., digital tech, culture) and 

outcomes (e.g., resource efficiency, circular performance). This would help verify the core logic 

of the model across multiple organizational contexts. 

▪ Cross-industry comparative studies could assess how contextual variables—such as regulatory 

environments, supply chain complexity, or capital intensity—moderate the strength of 

relationships in the model. 

▪ Simulation-based modeling, particularly system dynamics, could also be used to test feedback 

loop scenarios, especially regarding product recovery rates, reverse flow timing, and flexibility 

thresholds under uncertainty [106]. 

In each of these validation paths, it is essential to preserve the systemic and interdependent 

nature of the model. Partial validations (e.g., testing one pillar in isolation) may yield limited insights 

unless interpreted within the broader circular system context. 

Ultimately, this conceptual model is not intended as a static blueprint, but as a dynamic 

framework to guide empirical inquiry and operational redesign in the journey toward circular 

manufacturing. 

5. Implications and Discussions 

5.1. Theoretical Implications 

The conceptual model proposed in this paper contributes meaningfully to the evolving 

theoretical landscape at the intersection of circular economy (CE), operations management (OM), and 

socio-technical systems (STS). It offers an integrative lens through which sustainability can be 
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operationalized, not merely as an environmental commitment, but as a strategically embedded 

capability within manufacturing organizations. 

First, within the circular economy discourse, this model extends the literature beyond macro-

level policy frameworks and product-level design principles by focusing on the meso-level of 

operations. Prior CE models have largely emphasized material flows or end-of-life strategies, often 

underplaying the structural and dynamic complexity of internal operations [107,108]. By introducing 

core pillars—such as circular input management, looping processes, product life extension, and 

reverse logistics—this model frames circularity as a systemic transformation embedded in the core 

of day-to-day production activities. 

Second, in the field of operations management, this model bridges a crucial gap between 

lean/green paradigms and circular operational logic. While lean focuses on waste elimination and 

green on environmental compliance, both have traditionally lacked the regenerative and restorative 

dimensions of circularity [109,110]. The model thus positions circular operations as a post-lean/post-

green evolution, enabling scholars to reconceptualize value creation not just as efficiency, but as value 

retention and recirculation across production cycles. It invites redefinition of familiar OM 

constructs—such as productivity, utilization, and throughput—through a sustainability-centered 

lens. 

Third, the integration of socio-technical systems theory grounds the model in a robust theoretical 

foundation that appreciates the interdependence between technological enablers, human capabilities, 

and organizational routines. This theoretical anchoring moves the discussion beyond technological 

determinism or behavioral idealism. The STS perspective acknowledges that the success of circular 

operations depends not only on having the right infrastructure, but on achieving alignment between 

the technical architecture and the social system that drives it [111,112]. 

This model, therefore, helps fill a conceptual void in the literature: the absence of a cohesive, 

operational-level framework that bridges strategic sustainability goals with executable practices, 

mediated by organizational capabilities. It invites scholars to engage with circularity not merely as a 

normative or aspirational concept, but as a construct with internal mechanisms, causal pathways, 

and contingencies—all of which are necessary for theory development and testing. 

Finally, the model stimulates cross-disciplinary dialogue between industrial ecology, 

organizational theory, and digital operations. By positioning operational flexibility as a mediating 

mechanism, the model opens space for research that blends system dynamics, capability theory, and 

adaptive operations—fields that have historically evolved in silos. This alignment supports the 

journal Sustainability’s aim to foster integrated knowledge capable of addressing the 

multidimensional complexity of sustainable development. 

5.2. Managerial and Policy Implications 

The transition from linear to circular operations is not merely a technical upgrade—it is a 

strategic reorientation of how manufacturing firms create, deliver, and retain value. The proposed 

model has several implications for managers, especially those operating in resource-intensive 

industries such as automotive, electronics, and fast-moving consumer goods (FMCG), where material 

costs, environmental pressures, and lifecycle accountability are high. 

At a practical level, this model offers a stepwise roadmap for embedding circularity across 

operational layers. Managers can use the four operational pillars—Circular Input Management, 

Looping & Waste Valorization, Product Life Extension, and Reverse Logistics—as a structured guide 

for redesigning their current production logic. Rather than viewing circularity as a peripheral CSR 

program, it encourages integration into the core KPIs, supply chain design, and process engineering 

of the firm. 

Industries such as automotive and electronics are already experiencing reverse flow pressure—

through regulations like Extended Producer Responsibility (EPR) and customer demand for after-

sales service. For these sectors, the model helps prioritize internal capabilities needed to support take-

back systems, component reuse, and remanufacturing operations at scale. In FMCG, the model can 
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inform packaging redesign, supplier selection, and data-driven recovery strategies—all while 

enhancing brand equity and regulatory compliance. 

From a policy perspective, the model provides a blueprint for designing readiness assessment 

tools, incentives, and sectoral transition strategies. Policymakers can reference the model’s structure 

to: 

▪ Define criteria for circularity-linked tax benefits or subsidies, 

▪ Set capability benchmarks in eco-industrial parks, or 

▪ Support SMEs in building digital and cultural foundations for circular implementation. 

To support firms in assessing their own transition capacity, Figure 3 presents a Circular 

Operations Readiness Assessment Framework. It outlines six key readiness domains—spanning 

infrastructure, leadership, culture, digitalization, strategic alignment, and supply chain integration—

each of which must be evaluated prior to initiating or scaling circular transformation. 

 

Figure 3. Circular Operations Readiness Assessment Framework. 

This framework assists organizations in evaluating their preparedness to adopt and scale 

circular operational models. Each readiness domain includes guiding indicators and assessment 

checkpoints, providing a diagnostic view of where an organization stands and what it must prioritize 

to enable systemic circularity. 

By using this framework, managers and policymakers can move beyond aspirational 

declarations of sustainability and toward measurable, staged, and systemic circular transitions. 

6. Future Research Agenda 

The conceptual model presented in this paper offers a comprehensive framework for embedding 

circular operations into manufacturing systems. However, to strengthen its academic contribution 

and practical applicability, further research is needed to test, refine, and contextualize its 

components. This section outlines five strategic directions for future inquiry, organized into 

structured sub-sections, to guide scholars and practitioners in advancing circular operations theory 

and practice. 

6.1. Empirical Validation of the Framework 

The first and most essential step is the empirical validation of the model’s theoretical structure 

and interrelationships. While the framework is grounded in circular economy, operations 
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management, and socio-technical systems theory, it must be tested across real-world contexts to 

assess its explanatory power and practical relevance. 

Future research can apply structural equation modeling (SEM) or partial least squares (PLS) to 

examine the mediating effect of operational flexibility between enabling factors (digitalization, 

culture, leadership) and outcomes (resource efficiency and operational sustainability). 

Complementing this, mixed-method designs—combining quantitative surveys with field 

observations or interviews—are critical to capture both systemic interactions and human behavioral 

dynamics. 

Moreover, longitudinal case studies in circular frontrunner firms can offer insights into the 

sequencing, trade-offs, and adaptation mechanisms that unfold during implementation. These 

approaches will help uncover emergent properties and feedback patterns, which are often invisible 

in cross-sectional research. 

6.2. Development of Readiness and Maturity Indicators 

The model highlights six key readiness domains (as presented in Figure 3), but these need to be 

operationalized into measurable indicators and validated scales. Future research should focus on 

developing: 

▪ A maturity model that captures progressive integration levels of circular operations. 

▪ Diagnostic instruments that help organizations benchmark capabilities and identify critical gaps. 

▪ Sector-specific adaptations for different industries (e.g., electronics, automotive, FMCG). 

Such tools will support not only academic inquiry, but also practical decision-making in firms 

and policy design. To ensure utility, research should apply Delphi panels, pilot validation, and 

psychometric testing, ensuring a balance between scalability and contextual sensitivity. 

Importantly, scholars should investigate organizational readiness configurations—examining 

how different combinations of strong or weak enablers influence transition outcomes. For instance, 

does high digital maturity compensate for low cultural readiness? Understanding these interaction 

patterns can lead to more nuanced guidance. 

6.3. Comparative Industry and Country-Level Studies 

As circular practices are context-dependent, cross-industry and cross-national studies are 

needed to explore how the model performs under varying institutional, technological, and cultural 

conditions. Different sectors vary in their circular potential, regulatory environments, and 

stakeholder pressures. 

For example, electronics and automotive sectors face strong take-back mandates and technical 

recovery complexity, while FMCG industries emphasize packaging circularity and speed of logistics. 

Future studies should explore: 

▪ Sectoral divergence in pillar implementation. 

▪ Regulatory drivers and barriers. 

▪ Cross-functional coordination mechanisms under supply chain uncertainty. 

At the national level, research should investigate how institutional logics, governance quality, 

and societal norms affect readiness and adoption. There is also a compelling case to explore 

institutional frictions—e.g., when global supply chains operate across countries with asymmetric 

circular maturity, resulting in implementation gaps and coordination breakdowns. 

6.4. System Dynamics and Simulation Modeling 

Given the non-linear and adaptive nature of circular operations, future research should utilize 

system dynamics modeling to simulate how circular processes evolve over time. Simulations can 

help: 

▪ Explore threshold conditions under which feedback loops reinforce or stall. 

▪ Evaluate the long-term impact of policy interventions or market disruptions. 
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▪ Model the effects of partial adoption (e.g., circular input but no reverse logistics). 

This approach will enable researchers and firms to test scenarios, compare policy options, and 

understand how circular performance is influenced by delays, bottlenecks, or learning rates—an 

essential element often missed in static models. 

6.5. Theoretical Expansion and Interdisciplinary Integration 

Finally, future research should build on this model to foster theoretical expansion. Beyond CE, 

OM, and STS, scholars could link the framework to: 

▪ Capability theory – exploring how dynamic capabilities like flexibility emerge, evolve, and drive 

performance. 

▪ Institutional theory – studying how legitimacy, norms, and external pressures shape circular 

implementation. 

▪ Behavioral operations – investigating how decision-making, risk perception, and organizational 

inertia affect transitions. 

This model also opens space for cross-disciplinary integration, bridging engineering, 

sustainability science, organizational behavior, and digital transformation research. Such integration 

aligns with Sustainability journal’s mission to support transdisciplinary science for transformative 

impact. 

By advancing these five research pathways, scholars can move beyond „what circular operations 

should look like” toward understanding how, when, and under what conditions they create value 

and resilience. The future of circularity lies not just in designing frameworks, but in activating and 

adapting them through evidence, experimentation, and collaboration. 

7. Conclusion 

This paper has proposed a comprehensive conceptual model for embedding circular operations 

within manufacturing systems—integrating foundational pillars, enabling conditions, and mediating 

capabilities into a cohesive operational framework. Grounded in circular economy principles, 

enriched by operations management perspectives, and structured through the lens of socio-technical 

systems theory, the model offers both theoretical and practical insights for advancing sustainability 

in industrial contexts. 

At the heart of the model are four interconnected operational pillars: Circular Input 

Management, Looping Process & Waste Valorization, Product Life Extension, and Reverse Logistics 

Integration. These are supported by key enablers—digitalization, organizational culture, and 

leadership commitment—and mediated by operational flexibility, which serves as the dynamic 

capability allowing firms to adapt, reconfigure, and thrive in uncertain environments. The framework 

culminates in two strategic outcomes: resource efficiency and operational sustainability. 

The model addresses a critical gap in the literature: the absence of an integrative, systems-

oriented framework that connects circularity with internal operations strategy. Rather than treating 

sustainability as an external add-on or compliance burden, this model positions circularity as a core 

operational logic—requiring cultural alignment, digital infrastructure, and leadership vision. 

Relevance to the Sustainable Development Goals (SDGs) is explicit. The model contributes 

directly to SDG 9 (Industry, Innovation, and Infrastructure) by promoting advanced, resilient, and 

sustainable manufacturing systems, and to SDG 12(Responsible Consumption and Production) by 

operationalizing closed-loop resource flows. More broadly, it aligns with the principles of 

regenerative economics, in which value is not extracted and discarded, but circulated and renewed. 

For policymakers and industry leaders, this model offers a strategic lens for guiding circular 

transitions—whether through incentive design, capability benchmarking, or roadmap development. 

For scholars, it serves as a fertile foundation for future empirical testing, tool creation, and theoretical 

expansion. 
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As global sustainability challenges intensify, the need for actionable, integrated, and system-

aware operational models becomes ever more urgent. This framework is a step in that direction—

toward an industrial future that is not only efficient, but regenerative, adaptive, and enduring. 
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