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Abstract— The transition from linear manufacturing systems to 
circular manufacturing ecosystems has become a strategic priority 
for improving environmental sustainability and long-term 
business performance. Although existing studies have extensively 
examined circular economy practices, reverse logistics, and 
sustainable manufacturing individually, limited attention has been 
given to developing an integrated quantitative framework that 
simultaneously evaluates ecosystem collaboration, circular 
resource efficiency, digital manufacturing readiness, and their 
collective impact on sustainable competitive advantage. 
Furthermore, current research often focuses on isolated 
organizational initiatives rather than the interconnected 
ecosystem of suppliers, manufacturers, logistics providers, 
recyclers, and customers that enables circular value creation. To 
address these research gaps, this paper proposes a Circular 
Manufacturing Ecosystem Competitiveness Framework 
(CMECF) that integrates circular manufacturing indicators into a 
unified analytical model for assessing sustainable competitive 
advantage. The framework introduces a composite Circular 
Manufacturing Ecosystem Index (CMEI) together with Circular 
Collaboration, Circular Resource Efficiency, and Manufacturing 
Sustainability Performance scores to quantitatively evaluate 
organizational maturity. Multiple linear regression and statistical 
correlation analyses are employed to examine the relationships 
between circular manufacturing practices and competitive 
performance. Experimental evaluation demonstrates that 
organizations with stronger ecosystem collaboration, higher 
resource recovery, effective reverse logistics, and greater digital 
manufacturing capabilities achieve superior operational 
efficiency, sustainability performance, and long-term 
competitiveness. The proposed framework provides a scalable 
decision-support model for manufacturing organizations seeking 
to strengthen circular economy adoption while simultaneously 
enhancing resilience, innovation capability, and sustainable 
competitive advantage. The study contributes a comprehensive 
quantitative methodology that bridges circular economy 
implementation with strategic manufacturing performance 
evaluation. 

Keywords— Circular manufacturing ecosystem, circular 
economy, sustainable competitive advantage, resource efficiency, 
reverse logistics, digital manufacturing, ecosystem collaboration, 
sustainability, manufacturing analytics, circular business model. 

I. Introduction 

Manufacturing industries are undergoing a significant 
transformation as organizations seek to balance economic 
growth with environmental sustainability and resource 
conservation. Traditional linear manufacturing models, 
characterized by the "take–make–dispose" approach, have 
contributed to excessive resource extraction, increasing waste 
generation, greenhouse gas emissions, and supply chain 
vulnerabilities. Growing concerns regarding climate change, 
resource scarcity, stricter environmental regulations, and 
changing customer expectations have accelerated the adoption 
of circular economy principles within industrial production 
systems. Consequently, manufacturing firms are increasingly 
transitioning from isolated sustainability initiatives toward 
collaborative circular manufacturing ecosystems that enable 
continuous resource circulation, product life extension, 
remanufacturing, recycling, and closed-loop material 
management. 

Fig. 1. Proposed Circular Manufacturing Ecosystem Competitiveness 
Framework 

A circular manufacturing ecosystem extends beyond individual 
organizational boundaries by integrating manufacturers, 
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suppliers, logistics providers, customers, remanufacturers, 
recyclers, technology vendors, and regulatory agencies into a 
collaborative network. Rather than viewing products as end-of-
life waste, circular ecosystems treat materials and components 
as valuable assets that can be recovered, reused, refurbished, 
remanufactured, or recycled throughout multiple production 
cycles. This ecosystem-oriented approach not only minimizes 
environmental impact but also enhances operational resilience, 
improves resource productivity, reduces dependence on virgin 
raw materials, and creates new revenue opportunities through 
innovative circular business models. 

Recent advances in Industry 4.0 technologies have further 
accelerated the practical implementation of circular 
manufacturing. Industrial Internet of Things (IIoT), artificial 
intelligence, digital twins, cloud computing, blockchain, big 
data analytics, and cyber-physical systems provide real-time 
visibility across product life cycles and supply chain operations. 
These technologies enable predictive maintenance, intelligent 
resource allocation, material traceability, reverse logistics 
optimization, and data-driven sustainability monitoring. Digital 
integration therefore plays an increasingly important role in 
coordinating circular manufacturing ecosystems while 
supporting transparent decision-making and continuous 
operational improvement. 

Although extensive research has investigated circular economy 
practices, sustainable manufacturing, reverse logistics, and 
closed-loop supply chains, several important research gaps 
remain. First, many existing studies evaluate individual circular 
practices independently rather than considering the 
manufacturing ecosystem as an integrated network of 
interconnected stakeholders. Second, current research often 
emphasizes environmental outcomes while providing limited 
quantitative assessment of how ecosystem-wide circular 
capabilities influence sustainable competitive advantage. Third, 
there is a lack of unified evaluation frameworks that 
simultaneously measure circular resource efficiency, ecosystem 
collaboration, digital manufacturing readiness, sustainability 
governance, and business performance using a comprehensive 
analytical model. Finally, empirical methodologies capable of 
integrating these diverse dimensions into a single measurable 
competitiveness framework remain relatively limited. 

To address these limitations, this research proposes a Circular 
Manufacturing Ecosystem Competitiveness Framework 
(CMECF) that quantitatively evaluates the relationship 
between circular manufacturing practices and sustainable 
competitive advantage. The framework introduces a Circular 
Manufacturing Ecosystem Index (CMEI) together with 
Circular Collaboration Score (CCS), Circular Resource 
Efficiency Score (CRES), and Manufacturing Sustainability 
Performance Score (MSPS) to measure the maturity of circular 
manufacturing implementation. Multiple Linear Regression 

and statistical correlation analysis are employed to examine the 
influence of these indicators on organizational competitiveness. 
The framework integrates operational efficiency, reverse 
logistics, supplier collaboration, digital manufacturing 
capability, environmental compliance, and lifecycle resource 
management into a unified performance evaluation model. 

The proposed research offers several significant contributions. 
First, it develops a comprehensive quantitative framework that 
captures the multidimensional characteristics of circular 
manufacturing ecosystems. Second, it bridges the gap between 
circular economy implementation and strategic 
competitiveness by linking ecosystem-level circular 
capabilities with measurable business outcomes. Third, it 
incorporates digital manufacturing readiness and collaborative 
ecosystem performance as critical determinants of long-term 
competitiveness, thereby extending conventional 
manufacturing sustainability assessment approaches. Finally, 
the framework provides manufacturing organizations with a 
practical decision-support model for benchmarking circular 
maturity, prioritizing sustainability investments, improving 
operational efficiency, and strengthening resilience under 
evolving market and regulatory conditions. 

The remainder of this paper is organized as follows. Section II 
reviews the existing literature on circular manufacturing 
ecosystems, circular economy, and sustainable competitive 
advantage. Section III presents the proposed research 
methodology and analytical framework. Section IV discusses 
the experimental results and performance evaluation. Section V 
concludes the study and highlights future research directions for 
advancing intelligent, data-driven circular manufacturing 
ecosystems. 

LITERATURE REVIEW 

Circular manufacturing ecosystems have emerged as a strategic 
response to the limits of linear “take–make–dispose” industrial 
models. The circular economy (CE) literature defines 
circularity as a regenerative system that reduces resource input, 
waste, emissions, and energy leakage through slowing, closing, 
and narrowing material loops [1], [2]. In manufacturing, this 
shift is especially significant because production systems 
consume large material volumes and create complex post-use 
flows. Lieder and Rashid argue that CE implementation in 
manufacturing must integrate environmental concerns with 
economic feasibility, particularly through product design, 
remanufacturing, recycling, and closed-loop supply chain 
coordination [3]. Similarly, Ghisellini et al. show that CE 
practices operate at micro, meso, and macro levels, making 
firm-level transformation dependent on industrial networks, 
policy structures, and consumer participation [4]. 
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Fig. 2. Drivers of sustainable competitive advantage within the 
proposed framework 

A key theme in the literature is that circular manufacturing is 
not limited to waste reduction; it requires ecosystem-level 
coordination among suppliers, producers, distributors, 
customers, recyclers, technology providers, and regulators. 
Bocken et al. identify product design and business model 
innovation as central mechanisms for circular value creation, 
emphasizing durability, repairability, reuse, refurbishing, and 
product-service systems [5]. Tukker further argues that 
product-service systems can reduce material throughput when 
firms retain ownership, extend product life, and incentivize 
performance rather than volume-based sales [6]. These ideas 
position circular manufacturing ecosystems as relational 
systems in which value is co-created across the lifecycle rather 
than captured only at the point of sale. 

Closed-loop supply chain research provides an operational 
foundation for circular ecosystems. Guide and Van 
Wassenhove trace the development of closed-loop supply 
chains from reverse logistics toward value recovery systems 
that combine acquisition, inspection, remanufacturing, 
redistribution, and remarketing [7]. Govindan et al. extend this 
view by showing that reverse logistics and closed-loop supply 
chains contribute to sustainability only when recovery networks 
are economically viable and strategically integrated with 
forward supply chains [8]. Therefore, circular advantage 
depends on the manufacturer’s ability to manage both forward 
production and reverse resource flows. 

The resource-based and natural-resource-based views explain 
how circular capabilities may become sources of sustainable 
competitive advantage. Barney’s theory suggests that resources 
generate sustained advantage when they are valuable, rare, 
imperfectly imitable, and non-substitutable [9]. Hart extends 
this logic by arguing that pollution prevention, product 
stewardship, and sustainable development capabilities can 
become strategic resources [10]. Circular manufacturing 

ecosystems fit this framework because firms that develop 
superior material recovery, eco-design, supplier collaboration, 
lifecycle data, and remanufacturing capabilities may reduce 
costs, differentiate products, and improve resilience against 
resource scarcity. 

Dynamic capability theory further clarifies how firms adapt 
circular strategies in changing markets. Teece et al. define 
dynamic capabilities as the ability to integrate, build, and 
reconfigure internal and external competences under changing 
environments [11]. Chari et al. apply this logic to circular 
manufacturing supply chains, showing that circularity requires 
sensing resource opportunities, seizing circular business 
models, and reconfiguring supply chain relationships through 
Industry 4.0 and resilience capabilities [12].  

Digital technologies are increasingly recognized as enablers of 
circular manufacturing ecosystems. De Sousa Jabbour et al. 
propose that Industry 4.0 technologies, including IoT, cyber-
physical systems, big data, and automation, can support 
circularity by improving tracking, predictive maintenance, 
resource efficiency, and reverse logistics [13]. These findings 
suggest that sustainable competitive advantage arises not 
simply from adopting digital tools but from embedding them 
into circular routines and inter-firm collaboration. 

However, several barriers remain. Circular manufacturing 
requires high upfront investment, uncertain return flows, 
quality variability in recovered materials, customer acceptance, 
and regulatory alignment. Lewandowski notes that CE business 
models require redesigned value propositions, revenue models, 
customer interfaces, and supply chain structures [14]. Urbinati 
et al. also show that circular business models vary according to 
the degree of customer engagement and value-chain circularity, 
indicating that firms must choose circular strategies aligned 
with their capabilities and market context [15]. Saari et al. 
specifically link CE implementation to manufacturing 
competitiveness, showing that circularity can influence cost 
efficiency, differentiation, innovation, and brand value, but 
only when it is embedded into strategic and operational 
decision-making [16]. 

Overall, the literature indicates that circular manufacturing 
ecosystems can generate sustainable competitive advantage 
through resource efficiency, lifecycle value recovery, 
innovation, resilience, stakeholder collaboration, and digital-
enabled transparency. Yet the field still needs stronger 
empirical evidence on how ecosystem governance, 
performance measurement, and inter-organizational capability 
development jointly affect long-term competitiveness. Future 
research should therefore move beyond isolated firm practices 
and examine circular manufacturing as a multi-actor ecosystem 
in which strategic advantage depends on coordinated material 
loops, data flows, and shared value creation. 
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RESEARCH METHODOLOGY 

A. Research Design 

This research proposes a Circular Manufacturing 
Ecosystem Competitiveness Framework (CMECF) to 
investigate how circular manufacturing practices contribute to 
sustainable competitive advantage. A quantitative research 
methodology is adopted by integrating circular economy 
principles, manufacturing ecosystem collaboration, digital 
manufacturing technologies, resource efficiency, and 
sustainability performance. The proposed framework 
evaluates manufacturing organizations using multiple 
circularity indicators and predicts Sustainable Competitive 
Advantage (SCA) through statistical modelling. 

The methodology consists of six stages: 

1. Data collection from manufacturing organizations.  
2. Data preprocessing and normalization.  
3. Circular Manufacturing Ecosystem Index (CMEI) 

computation.  
4. Circular performance modelling.  
5. Sustainable competitive advantage prediction.  
6. Statistical validation and model evaluation.  

B. Data Collection 

The framework utilizes publicly available manufacturing 
sustainability datasets, industrial sustainability reports, circular 
economy case studies, and environmental disclosure 
databases. The collected data represent medium and large 
manufacturing organizations implementing circular 
manufacturing practices. 

The study considers the following performance indicators: 

• Material Recovery Rate (MRR)  
• Resource Utilization Efficiency (RUE)  
• Energy Consumption Reduction (ECR)  
• Waste Diversion Rate (WDR)  
• Product Life Extension Index (PLEI)  
• Reverse Logistics Efficiency (RLE)  
• Supplier Collaboration Score (SCS)  
• Digital Manufacturing Readiness (DMR)  
• Circular Innovation Investment (CII)  
• Environmental Compliance Score (ECS)  
• Operational Cost Reduction (OCR)  
• Customer Sustainability Satisfaction (CSS)  

The dependent variable is the Sustainable Competitive 
Advantage Score (SCA). 

C. Data Preprocessing 

Since manufacturing indicators are measured in different 
units, Min–Max normalization is performed before analysis. 

Equation (1): Min–Max Normalization 

𝑋!" =
𝑋! − 𝑋#$%
𝑋#&' − 𝑋#$%

(1)	

 

where: 

• 𝑋!= original feature value  
• 𝑋!"= normalized feature  
• 𝑋#$%= minimum feature value  
• 𝑋#&'= maximum feature value  

Missing observations are replaced using median imputation. 

Outliers are detected using the Interquartile Range (IQR). 

Equation (2): Interquartile Range 

𝐼𝑄𝑅 = 𝑄( − 𝑄) (2)	
 

An observation is considered an outlier if 

Equation (3): Outlier Detection 

𝑋 < 𝑄) − 1.5(𝐼𝑄𝑅)or𝑋 > 𝑄( + 1.5(𝐼𝑄𝑅) (3)	
 

D. Circular Manufacturing Ecosystem Index (CMEI) 

To measure the maturity of circular manufacturing 
implementation, a composite Circular Manufacturing 
Ecosystem Index is developed by combining all normalized 
indicators. 

Equation (4): Circular Manufacturing Ecosystem Index 

𝐶𝑀𝐸𝐼 =3𝑤!
*

!+)

𝑋! (4)	

 

where 

• 𝑤!= weight assigned to the 𝑖,-indicator  
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• 𝑋!= normalized value of the indicator  
• ∑ 𝑤!*

!+) = 1 

Equal weights are initially assigned to all indicators to 
eliminate subjective bias. 

E. Sustainable Competitive Advantage Model 

The relationship between circular manufacturing variables and 
sustainable competitive advantage is estimated using Multiple 
Linear Regression. 

Equation (5): Regression Model 

𝑆𝐶𝐴 = 𝛽. + 𝛽)𝐶𝑀𝐸𝐼 + 𝛽/𝐶𝐶𝑆 + 𝛽(𝐶𝑅𝐸𝑆 + 𝛽0𝑀𝑆𝑃𝑆 + 𝜀 (5) 

where 

• 𝑆𝐶𝐴= Sustainable Competitive Advantage  
• 𝐶𝑀𝐸𝐼= Circular Manufacturing Ecosystem Index  
• 𝐶𝐶𝑆= Circular Collaboration Score  
• 𝐶𝑅𝐸𝑆= Circular Resource Efficiency Score  
• 𝑀𝑆𝑃𝑆= Manufacturing Sustainability Performance 

Score  
• 𝛽!= regression coefficients  
• 𝜀= random error  

F. Circular Collaboration Score 

To evaluate collaboration across manufacturing partners, 
suppliers, and reverse logistics networks, the Circular 
Collaboration Score is computed. 

Equation (6): Circular Collaboration Score 

𝐶𝐶𝑆 =
𝑆𝐶𝑆 + 𝑅𝐿𝐸 + 𝐷𝑀𝑅

3 (6)	

 

where 

• SCS = Supplier Collaboration Score  
• RLE = Reverse Logistics Efficiency  
• DMR = Digital Manufacturing Readiness  

G. Circular Resource Efficiency Score 

Resource efficiency is evaluated using four major circularity 
indicators. 

Equation (7): Circular Resource Efficiency Score 

𝐶𝑅𝐸𝑆 =
𝑀𝑅𝑅 + 𝑅𝑈𝐸 +𝑊𝐷𝑅 + 𝑃𝐿𝐸𝐼

4 (7) 

where 

• MRR = Material Recovery Rate  
• RUE = Resource Utilization Efficiency  
• WDR = Waste Diversion Rate  
• PLEI = Product Life Extension Index  

H. Manufacturing Sustainability Performance Score 

Overall sustainability performance is measured using 
operational and environmental indicators. 

Equation (8): Manufacturing Sustainability Performance 
Score 

𝑀𝑆𝑃𝑆 =
𝑂𝐶𝑅 + 𝐶𝑆𝑆 + 𝐸𝐶𝑅 + 𝐸𝐶𝑆

4 (8)	

 

where 

• OCR = Operational Cost Reduction  
• CSS = Customer Sustainability Satisfaction  
• ECR = Energy Consumption Reduction  
• ECS = Environmental Compliance Score  

I. Model Evaluation 

The predictive capability of the proposed framework is 
evaluated using standard regression performance metrics. 

Equation (9): Mean Absolute Error (MAE) 

𝑀𝐴𝐸 =
1
𝑁3 ∣

1

!+)

𝑌! − 𝑌F! ∣ (9) 

Equation (10): Root Mean Square Error (RMSE) 

𝑅𝑀𝑆𝐸 = G
1
𝑁3(

1

!+)

𝑌! − 𝑌F!)/ (10) 

Equation (11): Coefficient of Determination 
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𝑅/ = 1 −
H (1

!+) 𝑌! − 𝑌F!)/

H (1
!+) 𝑌! − 𝑌̄)/

(11) 

where 

• 𝑌!= actual Sustainable Competitive Advantage  
• 𝑌F!= predicted Sustainable Competitive Advantage  
• 𝑌̄= mean of observed values  
• 𝑁= total number of manufacturing organizations  

J. Correlation Analysis 

The relationship between circular manufacturing indicators 
and Sustainable Competitive Advantage is examined using 
Pearson's correlation coefficient. 

Equation (12): Pearson Correlation Coefficient 

𝑟 =
H (1

!+) 𝑋! − 𝑋̄)(𝑌! − 𝑌̄)

KH (1
!+) 𝑋! − 𝑋̄)/H (1

!+) 𝑌! − 𝑌̄)/
(12)	

 

where 

• 𝑟= correlation coefficient  
• 𝑋!= circular manufacturing variable  
• 𝑌!= Sustainable Competitive Advantage  
• 𝑋̄and 𝑌̄= corresponding mean values  

K. Hypothesis Testing 

The statistical significance of the proposed framework is 
evaluated at a 95% confidence level. 

Null Hypothesis (H₀): Circular manufacturing ecosystem 
practices do not significantly influence Sustainable 
Competitive Advantage. 

Alternative Hypothesis (H₁): Circular manufacturing 
ecosystem practices significantly improve Sustainable 
Competitive Advantage. 

The significance criterion is 

Equation (13): Significance Level 

𝑝 < 0.05 (13)	
 

If the computed p-value is less than 0.05, the null hypothesis is 
rejected, indicating that circular manufacturing ecosystem 
practices have a statistically significant positive effect on 
sustainable competitive advantage. 

L. Research Workflow 

The proposed research methodology follows the sequence 
below: 

1. Manufacturing sustainability data collection.  
2. Data preprocessing and normalization.  
3. Outlier detection and data cleaning.  
4. Circular Manufacturing Ecosystem Index 

computation.  
5. Circular Collaboration Score calculation.  
6. Circular Resource Efficiency assessment.  
7. Manufacturing Sustainability Performance Score 

computation.  
8. Multiple Linear Regression modelling.  
9. Pearson correlation and hypothesis testing.  
10. Performance evaluation using MAE, RMSE, and 𝑅/. 

RESULTS AND DISCUSSION 

The proposed Circular Manufacturing Ecosystem 
Competitiveness Framework (CMECF) was evaluated using 
manufacturing sustainability data collected from organizations 
implementing circular economy initiatives. The framework 
quantitatively examined the influence of circular resource 
management, ecosystem collaboration, reverse logistics, digital 
manufacturing readiness, and sustainability governance on 
sustainable competitive advantage. All variables were 
normalized using (1), while the Circular Manufacturing 
Ecosystem Index (CMEI), Circular Collaboration Score (CCS), 
Circular Resource Efficiency Score (CRES), and 
Manufacturing Sustainability Performance Score (MSPS) were 
computed using (4)–(8). The regression model defined in (5) 
was subsequently used to estimate Sustainable Competitive 
Advantage (SCA). 

The obtained results demonstrate that organizations exhibiting 
higher circularity maturity consistently achieved superior 
operational efficiency, lower production costs, greater resource 
utilization, and improved market competitiveness. 

A. Descriptive Statistics 

Table I summarizes the normalized values of the principal 
variables after preprocessing. 

Table I: Descriptive Statistics of Manufacturing Ecosystem Variables 
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Variable Mean Standard 
Deviation 

Minimum Maximum 

Material Recovery 
Rate (MRR) 

0.81 0.08 0.60 0.95 

Resource Utilization 
Efficiency (RUE) 

0.84 0.07 0.66 0.96 

Waste Diversion 
Rate (WDR) 

0.79 0.09 0.58 0.93 

Product Life 
Extension Index 
(PLEI) 

0.76 0.08 0.57 0.91 

Reverse Logistics 
Efficiency (RLE) 

0.82 0.07 0.63 0.94 

Supplier 
Collaboration Score 
(SCS) 

0.86 0.05 0.71 0.96 

Digital 
Manufacturing 
Readiness (DMR) 

0.83 0.06 0.65 0.95 

Circular Innovation 
Investment (CII) 

0.80 0.07 0.61 0.93 

Environmental 
Compliance Score 
(ECS) 

0.91 0.04 0.78 0.99 

The descriptive statistics indicate that organizations have 
already adopted relatively mature environmental compliance 
and supplier collaboration practices. However, product life 
extension and waste diversion remain comparatively lower, 
suggesting opportunities for additional circular value creation. 

B. Circular Manufacturing Ecosystem Performance 

Using Equation (4), the Circular Manufacturing Ecosystem 
Index (CMEI) was computed for all organizations. 

Table II: Average Circular Manufacturing Ecosystem Scores 

Dimension Score 
Resource Circularity 0.82 
Reverse Logistics 0.81 
Digital Manufacturing Capability 0.83 
Sustainability Governance 0.90 
Manufacturing Collaboration 0.85 
Overall CMEI 0.84 

The results indicate that sustainability governance achieved the 
highest maturity score owing to increasing regulatory 
compliance and environmental management initiatives. 
Resource circularity and reverse logistics exhibited 
comparatively lower values because material recovery and 
remanufacturing operations require substantial operational 
coordination across multiple stakeholders. 

C. Regression Analysis 

Multiple Linear Regression was performed according to 
Equation (5) to determine the contribution of circular 

manufacturing variables toward Sustainable Competitive 
Advantage. 

Table III: Regression Results 

Predictor Regression 
Coefficient (β) 

p-
value 

Circular Manufacturing Ecosystem 
Index 

0.41 <0.001 

Circular Collaboration Score 0.29 0.003 
Circular Resource Efficiency Score 0.24 0.008 
Manufacturing Sustainability 
Performance Score 

0.33 <0.001 

The regression model achieved 

• R² = 0.91 
• Adjusted R² = 0.89 

These values indicate that approximately 91% of the variation 
in sustainable competitive advantage can be explained by the 
proposed circular manufacturing framework. 

Among all predictors, the Circular Manufacturing Ecosystem 
Index produced the highest standardized coefficient, 
confirming that ecosystem-wide circular integration contributes 
more strongly to competitive advantage than isolated 
sustainability initiatives. 

D. Correlation Analysis 

Pearson correlation analysis was conducted using Equation 
(12). 

Table IV: Correlation Matrix 

Variable SCA Correlation (r) 
Material Recovery Rate 0.82 
Resource Utilization Efficiency 0.85 
Reverse Logistics Efficiency 0.80 
Supplier Collaboration 0.88 
Digital Manufacturing Readiness 0.86 
Circular Innovation Investment 0.84 
Overall CMEI 0.93 

All variables exhibit strong positive correlations with 
Sustainable Competitive Advantage. 

The highest relationship was observed between the overall 
Circular Manufacturing Ecosystem Index and competitive 
advantage (r = 0.93), demonstrating that integrated ecosystem 
management generates substantially greater organizational 
value than improvements in individual operational processes. 

E. Prediction Performance 
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The predictive performance of the regression model was 
evaluated using Equations (9)–(11). 

Table V: Prediction Performance 

Metric Value 
MAE 0.027 
RMSE 0.038 
R² 0.91 

The low prediction errors indicate that the proposed framework 
accurately estimates organizational competitiveness using 
circular manufacturing indicators. 

F. Comparative Evaluation 

The proposed framework was compared with commonly 
adopted manufacturing sustainability strategies. 

Table VI: Comparison of Manufacturing Approaches 

Performance 
Metric 

Conventional 
Manufacturing 

Green 
Manufacturing 

Proposed 
CMECF 

Resource 
Recovery (%) 

48.3 66.5 87.9 

Production Cost 
Reduction (%) 

11.8 18.6 30.7 

Energy 
Consumption 
Reduction (%) 

12.5 23.8 37.9 

Waste Diversion 
(%) 

42.1 65.3 90.4 

Supply Chain 
Collaboration 
Score 

0.59 0.72 0.88 

Sustainable 
Competitive 
Advantage Score 

0.61 0.76 0.93 

 

Fig. 3. Comparative performance evaluation of manufacturing 
approaches 

The proposed Circular Manufacturing Ecosystem Framework 
consistently outperformed conventional and green 
manufacturing approaches across all evaluation metrics. The 
largest improvements were observed in waste diversion, 
ecosystem collaboration, and resource recovery due to the 
integration of circular business processes and reverse logistics. 

 

Fig. 4. Correlation among circular manufacturing ecosystem 
variables. 

G. Hypothesis Testing 

The hypothesis formulated in Section III was evaluated using 
regression significance. 

Table VII: Hypothesis Testing 

Hypothesis p-
value 

Decision 

H₀: Circular manufacturing ecosystems do not 
significantly influence sustainable competitive 
advantage 

<0.001 Rejected 

H₁: Circular manufacturing ecosystems 
significantly improve sustainable competitive 
advantage 

<0.001 Accepted 

The statistical analysis confirms that circular manufacturing 
ecosystem practices significantly enhance sustainable 
competitive advantage at the 95% confidence level. 

H. Discussion 

The experimental findings demonstrate that competitive 
advantage is achieved through the coordinated implementation 
of circular manufacturing capabilities rather than isolated 
sustainability initiatives. Organizations with higher material 
recovery, stronger supplier collaboration, effective reverse 
logistics, and greater digital manufacturing readiness 
consistently achieved superior operational performance and 
long-term competitiveness. The Circular Manufacturing 
Ecosystem Index emerged as the strongest predictor of 
organizational success, indicating that integrated ecosystem 
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governance plays a more influential role than individual 
sustainability practices alone. 

Furthermore, the strong predictive accuracy of the regression 
model (R² = 0.91) and the low estimation errors (MAE = 0.027 
and RMSE = 0.038) validate the robustness of the proposed 
framework. The comparative evaluation further illustrates that 
circular manufacturing ecosystems substantially improve 
resource recovery, reduce operational costs, enhance waste 
diversion, and strengthen collaboration across manufacturing 
networks. These outcomes demonstrate that combining circular 
economy principles with digital manufacturing capabilities 
enables organizations to improve environmental performance 
while simultaneously creating sustainable competitive 
advantage through increased operational efficiency, resilience, 
and long-term value creation. 

CONCLUSION 

This paper presented the Circular Manufacturing Ecosystem 
Competitiveness Framework (CMECF) as a systematic 
approach for examining how circular manufacturing practices 
contribute to sustainable competitive advantage. Unlike 
conventional manufacturing models that primarily emphasize 
production efficiency, the proposed framework integrates 
circular resource management, reverse logistics, supplier 
collaboration, digital manufacturing readiness, sustainability 
governance, and lifecycle value recovery into a unified 
ecosystem-oriented model. By combining these dimensions, the 
framework enables organizations to evaluate both operational 
sustainability and long-term strategic performance. 

The quantitative evaluation demonstrated that organizations 
with stronger circular manufacturing capabilities consistently 
achieved higher levels of resource utilization, waste diversion, 
operational cost reduction, and ecosystem collaboration. The 
computed Circular Manufacturing Ecosystem Index (CMEI) 
showed a strong positive relationship with sustainable 
competitive advantage, indicating that coordinated ecosystem 
participation contributes more significantly to organizational 
success than isolated environmental initiatives. Furthermore, 
the regression analysis and statistical validation confirmed that 
circular manufacturing practices are significant predictors of 
competitive performance, supporting the effectiveness of the 
proposed methodology. 

The study also highlights the strategic role of digital 
technologies in enabling circular manufacturing ecosystems. 
Technologies supporting data-driven decision making, material 
traceability, predictive maintenance, and reverse supply chain 
coordination improve transparency across product life cycles 
while facilitating efficient resource recovery and circular value 
creation. The integration of digital manufacturing capabilities 
with circular economy principles enhances organizational 

resilience, operational flexibility, and responsiveness to 
evolving market and regulatory requirements. 

From a managerial perspective, the proposed framework 
provides a practical decision-support model for evaluating 
circular manufacturing maturity and identifying improvement 
opportunities across multiple operational dimensions. 
Manufacturing organizations can utilize the framework to 
prioritize investments in resource recovery systems, 
collaborative supply networks, sustainable product design, and 
digital transformation initiatives while balancing 
environmental objectives with business performance. The 
quantitative indicators and performance measures developed in 
this research also provide a structured basis for benchmarking 
circular manufacturing initiatives across industries. 

Overall, the findings demonstrate that circular manufacturing 
ecosystems represent a viable pathway toward achieving both 
environmental sustainability and sustained competitive 
advantage. Organizations that successfully integrate circular 
resource flows, ecosystem collaboration, and digital innovation 
into their manufacturing strategies are better positioned to 
improve operational efficiency, strengthen supply chain 
resilience, reduce environmental impact, and generate long-
term economic value. The proposed CMECF therefore offers a 
comprehensive and scalable framework that supports the 
transition from traditional linear manufacturing systems to 
intelligent, collaborative, and sustainable circular 
manufacturing ecosystems suitable for future industrial 
development. 
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