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Abstract 

Patagonia’s material intelligence system sharply highlights widespread 
industry shortcomings, enhancing circular product margins by 34% 
and reducing virgin resource consumption by 89%. Seventy-two 
percent of firms remain ensnared in linear lock-in, unable to utilize 
material data for scalable circularity because of rigid business models. 
This research identifies a significant gap: existing tools such as the 
Business Model Canvas (BMC) do not provide structured methods for 
incorporating real-time material flow intelligence. The study employs a 
mixed-method analysis of three in-depth case studies, a survey of 150 
firms, and meticulous material flow accounting, demonstrating that 
firms integrating Material Intelligence (MI) realize a 2.9-fold increase 
in circular ROI. The MI-BMC Framework introduced here reduces 
resource risks by 41%, establishing the first actionable connection 
between material-level data and strategic business design for 
competitive circular advantage. 
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Introduction 

The ongoing prevalence of linear economic models, even amidst broad pledges to 
circularity, reveals a significant contradiction in current sustainability initiatives. 
Organizations often announce ambitious circular initiatives while remaining firmly rooted 
in "take–make–dispose" practices, resulting in significant industrial waste (Dzreke & 
Dzreke, 2025; Ellen MacArthur Foundation, 2024). High-profile cases, like H&M’s 2018 
incineration of billions in unsold inventory, highlight this dissonance, showing that 
circular pledges fail when the fundamental business model remains unchanged (Dzreke, 
2025b). Empirical analyses indicate that around 68% of circular initiatives falter in pilot 
phases, largely due to misalignment with organizational capabilities and a significant lack 
of strategically integrated material intelligence (MI) (Lüdeke Freund et al., 2018; Dzreke, 
2025f). This systemic inertia, known as linear lock-in, arises when static business models 
fail to utilize real-time insights into material flows, hindering scalable circular 
transformation (Ellen MacArthur Foundation, 2025; Dzreke & Dzreke, 2025h). 
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Frameworks such as the Business Model Canvas (BMC) effectively delineate essential 
components, including value propositions, customer segments, and revenue streams 
(Osterwalder & Pigneur, 2010). Nonetheless, their effectiveness in illustrating traditional 
business logic frequently sacrifices detail regarding material composition, lifecycle 
dynamics, and regenerative capacity—critical aspects for genuine circular economy 
implementation (Dzreke, 2025a). Research shows that minor modifications to established 
frameworks do not effectively dismantle the entrenched linear logic of traditional value 
creation, thereby restricting their ability to facilitate comprehensive circular transitions. 
This fundamental misalignment establishes a continuous gap between business model 
design and the operational necessities of material circulation. 

Material intelligence (MI) refers to the real-time monitoring of resource composition, 
location, condition, and regenerative potential. This concept offers a transformative 
strategy for addressing linear lock-in and promoting circularity (Webster et al., 2021; 
Dzreke, 2025d). MI integrates data-driven insights into strategic and operational 
decision-making, allowing organizations to align resource stewardship with regenerative 
principles and create continuous feedback loops for value optimization (Dzreke, 2025c; 
Dzreke & Dzreke, 2025t). Incorporating MI into business models converts static 
frameworks into dynamic systems that improve competitive resilience and promote 
adaptability in volatile markets (Dzreke, 2025e; Dzreke & Dzreke, 2025g). In resource-
intensive sectors, MI provides a vital perspective for uncovering hidden material value, 
preventing waste, and guiding investments towards regenerative processes (Dzreke, 
2025f; Dzreke & Dzreke, 2025k).  

This study explores three interrelated research questions at the intersection of MI and 
circular business model innovation: first, how MI fundamentally alters traditional 
business model components to create a circular competitive advantage; second, which 
specific MI-derived metrics have the greatest impact on competitive resilience; and third, 
how firms can systematically dismantle linear lock-in by adapting the BMC to integrate 
MI. This research positions MI as essential for designing circular business models, 
addressing a significant theoretical gap between data-driven material intelligence and 
strategic transformation at the firm level, providing valuable insights for both academia 
and management. MI integration goes beyond operational efficiency; it fosters strategic 
foresight, reveals hidden resource value, and aligns firms with regenerative economic 
principles (Dzreke & Dzreke, 2025p; Dzreke, 2025a). The integration transforms the BMC 
from a static mapping tool into a dynamic circular engine, capable of incorporating real-
time material flow insights into essential decision-making and competitive strategy. The 
paper systematically transitions from a critical literature review to the formulation of the 
MI-BMC conceptual framework, then addresses methodology, empirical findings, and 
practical implementation guidance, thereby establishing a solid foundation for 
operationalizing circularity.  

Literature review: Circularity’s business model gap 

The necessity of a circular economy 

The shift to a circular economy signifies a crucial departure from linear "take–make–
dispose" models to regenerative systems aimed at preserving material value and reducing 
systemic waste. Although this imperative is theoretically sound, its practical application 
encounters substantial obstacles due to shortcomings in business model design. A 
significant limitation is the insufficient integration of real-time material-level intelligence 
(MI), crucial for effectively operationalizing circular principles (Dzreke, 2025f; Dzreke & 
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Dzreke, 2025h). Material intelligence, supported by sensor networks, IoT systems, and 
AI-driven analytics, enables firms to dynamically track material provenance, monitor 
degradation, and evaluate lifecycle performance (Tukker, 2015; Kirchherr et al., 2023; 
Dzreke, 2025d). Despite technological advancements, research highlights a notable 
disconnect; the potential of MI is largely underutilized within comprehensive business 
model frameworks, resulting in substantial gaps in strategic formulation and execution 
(Dzreke, 2025c; Geissdoerfer et al., 2020b). This failure sustains linear lock-in, 
significantly limiting the scalability of circular initiatives and undermining competitive 
resilience, particularly in resource-intensive sectors (Dzreke, 2025e; Dzreke & Dzreke, 
2025g). 

Material intelligence and technological empowerment 

Material intelligence is essential for translating circular economy concepts into practical 
business model applications. The combined use of sensors, IoT connectivity, and 
advanced AI analytics produces ongoing, detailed insights into material composition, 
degradation paths, and recovery potential, enabling companies to anticipate operational 
inefficiencies and enhance regenerative cycles (Tukker, 2015; Kirchherr et al., 2023; 
Dzreke, 2025d). Complementary technologies such as blockchain improve MI by offering 
immutable traceability and verifiable provenance throughout intricate supply chains, 
thereby ensuring adherence to ethical sourcing standards and regulatory mandates 
(Dzreke & Dzreke, 2025t). Scholarly work highlights a significant gap: the systematic 
integration of MI within the Business Model Canvas (BMC) framework is notably 
underdeveloped (Dzreke, 2025f; Geissdoerfer et al., 2020b). The absence of holistic 
integration hinders organizations' ability to convert rich, data-driven insights into 
coherent strategic actions and competitive advantage. 

Innovating business models for circularity 

Innovation in circular business models primarily focuses on modifying existing 
frameworks such as the Business Model Canvas (BMC) to integrate regenerative resource 
flows, advanced reverse logistics, and performance-based value propositions (Bocken et 
al., 2019; Dzreke & Dzreke, 2025k). Traditional linear models rely on virgin material 
inputs and conventional volume-based cost structures, while circular models necessitate 
regenerative feedstocks, recovery cost optimization, and value propositions focused on 
durability and service (Haas et al., 2020; Govindan et al., 2022; Saidani et al., 2023; 
Dzreke, 2025d; Dzreke, 2025f). Material intelligence serves as the essential catalyst for 
this transformation. Table 1 outlines the essential differences between linear and circular 
approaches in key BMC components, highlighting the specific MI technologies that enable 
the transition from static, descriptive business models to dynamic systems that foster true 
circularity. 

Table 1. Linear vs. circular business model components with material intelligence 

enablers 

BMC Block Linear 
Approach 

Circular 
Requirement 

MI Enabler & Practical Impact 

Key 
Resources 

Virgin 
materials 

Regenerative 
feedstocks 

Material DNA databases (Haas et 
al., 2020; Dzreke & Dzreke, 2025k): 
Enable identification & sourcing of 
high-quality secondary materials, 
reducing virgin resource dependence. 
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Cost 
Structure 

Volume-
based 
procurement 

Recovery cost 
optimization 

Reverse logistics AI (Govindan et al., 
2022; Dzreke, 2025d): Predicts 
collection costs, optimizes disassembly 
routes, & maximizes value recovery 
from end-of-life products. 

Value 
Propositions 

Product 
ownership 

Performance/access 
models 

Material durability 
analytics (Saidani et al., 2023; Dzreke, 
2025f): Provides data to guarantee 
product longevity & performance in 
service models, underpinning customer 
trust & contracts. 

Note: Practical impact examples illustrate competitive advantage, e.g., automotive remanufacturers 
using material durability analytics to offer performance warranties on critical refurbished 
components. 

Dynamic capabilities and strategic resilience 

Companies that effectively incorporate material intelligence into their business model 
architecture show significant improvements in adaptive capacity, predictive foresight, and 
strategic resilience. This advantage is especially vital in intricate global supply chains and 
scenarios involving high-value or essential resources (Dzreke, 2025c; Dzreke, 2025f). MI 
creates ongoing feedback mechanisms that allow organizations to adjust material flows, 
enhance recovery and remanufacturing processes, and markedly boost overall product 
lifecycle performance. The ongoing alignment of operational execution with strategic 
circularity objectives reflects the principles of dynamic capabilities (Dzreke & Dzreke, 
2025g; Dzreke & Dzreke, 2025h). Rather than simply reacting to disruptions, utilizing 
technological intelligence via MI enables firms to foresee market changes, innovate value 
propositions, and create systemic competitive advantages, indicating a shift towards 
antifragility in unstable environments (Dzreke, 2025a; Dzreke & Dzreke, 2025g). 

Implications of ethical sourcing and governance 

Material intelligence offers essential tools for ensuring verifiable supply chain traceability 
and stringent ethical sourcing practices. It establishes strong connections between 
detailed material flow data and essential sustainability metrics, such as carbon footprint, 
water usage, and compliance with labor standards, thus enabling strict regulatory 
adherence (e.g., CSRD, EU Battery Regulation) and reducing reputational risk (Dzreke & 
Dzreke, 2025t). The significance of these capabilities is evident in sectors where the use of 
recycled or secondary materials faces considerable consumer resistance or institutional 
obstacles within current supply chains (Dzreke & Dzreke, 2025h). The strategic 
integration of MI within adapted circular BMC frameworks enables firms to 
simultaneously enhance environmental stewardship and bolster competitive market 
positioning. This synthesis surpasses conventional operational boundaries, promoting a 
comprehensive strategy in which sustainability and profitability enhance one another 
(Dzreke, 2025e; Dzreke & Dzreke, 2025p). 

Integration and exploration of new knowledge 

The current literature reveals a significant gap: although there are conceptual adaptations 
of the Business Model Canvas for circularity, their effective implementation through the 
thorough integration of material intelligence is a crucial area for further research. The 
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integration of real-time MI across all nine BMC components transcends mere technical 
enhancement; it serves as the fundamental mechanism for achieving scalable, resilient 
circularity. This integration enhances organizational resilience by offering insight into 
material risks and opportunities, refines market foresight through predictive analytics, 
and ensures long-term strategic sustainability by aligning resource use with planetary 
boundaries (Dzreke, 2025f; Dzreke & Dzreke, 2025k). Addressing this gap is a critical 
priority for research and management alike. This provides a clear route to convert the 
hidden potential of material intelligence technologies into tangible economic value (e.g., 
decreased material costs, new revenue sources), substantial environmental advantages 
(e.g., waste minimization, reduced emissions), and improved social legitimacy (e.g., 
ethical sourcing, adherence to regulations). 

Theoretical framework: The MI-BMC canvas 

Material intelligence as the central integrative element 

The MI-BMC Canvas redefines material intelligence (MI) as a core, integrative element 
that interlinks and dynamically interacts with the conventional nine blocks of the Business 
Model Canvas (BMC). This integration tackles a longstanding criticism of traditional BMC 
frameworks: their static characteristics and failure to account for dynamic material flows, 
lifecycle data, and regenerative capabilities, which perpetuate linear lock-in and hinder 
circular innovation (Osterwalder & Pigneur, 2010; Dzreke, 2025f; Dzreke & Dzreke, 
2025h). Embedding MI transforms the BMC from a descriptive tool into a strategic engine 
that orchestrates circular economy practices. This transformation allows for real-time 
monitoring of material states and flows, promoting adaptive decision-making that aligns 
resource use with regenerative principles (Dzreke, 2025d; Dzreke, 2025c). MI enhances 
core business functions by integrating advanced sensor data, predictive analytics, and 
digital traceability technologies, leading to significant improvements in resource 
efficiency, increased customer engagement through transparency, and proactive 
mitigation of supply chain and regulatory risks (Dzreke, 2025f; Dzreke, 2025a). This 
central role guarantees that MI shapes all strategic decisions within the business model 
framework. 

Pillar I: Composition intelligence 

Composition intelligence provides accurate, verifiable insights into material origin, 
chemical properties, and regenerative potential, often supported by blockchain-enabled 
material passports and digital traceability systems. This pillar informs the Key Resources 
block, allowing firms to manage virgin and recycled material inputs with enhanced 
transparency and reliability, thereby reducing reliance on opaque or unsustainable 
sources (Haas et al., 2020; Dzreke & Dzreke, 2025k). The integration of composition 
intelligence reduces sourcing uncertainty, enabling organizations to align their supply 
networks with circular objectives strategically. This capability supports credible 
sustainability claims and certifications, exemplified by Fairphone’s regenerative sourcing 
initiatives that utilize material passports to authenticate conflict-free minerals and high-
recyclability polymers throughout their smartphone supply chain (Dzreke & Dzreke, 
2025h; Dzreke, 2025f). Thus, composition intelligence shifts resource management from 
a mere cost center to a strategic differentiator and a pillar of resilience. 
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Pillar II: Flow intelligence 

Flow intelligence directs the real-time movement of materials across the value chain, 
including forward logistics, product returns, and reverse logistics processes. This pillar 
significantly influences the Channels and Customer Relationships blocks by streamlining 
physical pathways and improving interaction points. Through IoT-enabled tracking, RFID 
sensors, and cloud-based analytics, organizations achieve detailed visibility into material 
location, condition, and velocity. This facilitates dynamic flow optimization and enhances 
customer interactions via timely information and responsive service (Govindan et al., 
2022; Dzreke, 2025d). Flow intelligence is essential for executing responsive product-as-
a-service models and facilitating predictive remanufacturing schedules. This capability 
enhances operational resilience, minimizes idle inventory, reduces transportation waste, 
and strengthens the implementation of circular business practices by ensuring materials 
are efficiently directed to their highest-value subsequent use (Dzreke, 2025c; Dzreke & 
Dzreke, 2025g). Flow intelligence enables automotive remanufacturers to enhance core 
collection routes by utilizing real-time data on part location and condition. 

Pillar III: Regeneration intelligence 

Regeneration intelligence utilizes AI-driven analytics to enhance material recovery, 
remanufacturing processes, and the redesign of products and systems for circularity, 
primarily integrating with the Key Activities block. Predictive AI models forecast 
component degradation rates, schedule optimal refurbishment windows, identify 
remanufacturing bottlenecks, and minimize material waste throughout the product 
lifecycle. They translate complex data into actionable operational strategies that enhance 
sustainability and cost-effectiveness (Kirchherr et al., 2023; Dzreke, 2025e; Dzreke & 
Dzreke, 2025t). This method enables companies to uphold superior quality consistently 
while methodically decreasing dependence on virgin resources. It aligns essential 
operational activities with strict environmental requirements and competitive cost 
frameworks, exemplified by industrial equipment manufacturers employing predictive 
analytics to enhance component longevity and optimize remanufacturing outcomes 
(Saidani et al., 2023; Dzreke, 2025f). Regeneration intelligence transitions efforts from 
linear disposal to ongoing value recovery. 

Pillar IV: Risk intelligence 

Risk intelligence identifies, assesses, and mitigates potential disruptions throughout the 
material lifecycle, significantly influencing the Cost Structure by stabilizing expenditures 
and facilitating proactive, data-driven resource planning. Continuous monitoring of 
critical factors like material scarcity, evolving regulatory landscapes (e.g., Extended 
Producer Responsibility schemes, carbon pricing), and price volatility equips risk 
intelligence with a strategic buffer against operational and financial shocks (Dzreke, 
2025f; Dzreke, 2025a). Empirical evidence indicates that MI-informed cost structures can 
decrease budget volatility by around 41%, thereby improving financial resilience and 
establishing a stable basis for ongoing circular investments, including recycling 
infrastructure and modular product design (Dzreke, 2025c; Dzreke & Dzreke, 2025h). 
This pillar shifts cost management from a reactive approach to strategic foresight, 
ensuring profitability in the face of resource uncertainty. 
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Table 2. Material intelligence (MI) pillars and their strategic integration 

MI Pillar Primary 
BMC 
Block(s) 
Affected 

Key 
Technologies/Mechanisms 

Strategic Impact & 
Competitive 
Advantage 

Composition 
Intelligence 

Key 
Resources 

Blockchain-enabled material 
passports, Material 
composition databases 

Ensures supply chain 
transparency & 
provenance, reduces 
sourcing risk & 
greenwashing potential, 
enables premium pricing 
for verified circular 
materials (e.g., 
Fairphone's certified 
recycled metals). (Haas et 
al., 2020; Dzreke & 
Dzreke, 2025k; Dzreke, 
2025f) 

Flow 
Intelligence 

Channels, 
Customer 
Relationships 

IoT sensors, RFID tracking, 
Cloud analytics platforms 

Optimizes reverse 
logistics costs & speed, 
enables responsive service 
models (e.g., predictive 
maintenance alerts), 
enhances customer trust 
via real-time asset 
visibility (e.g., Caterpillar 
Reman track-and-trace). 
(Govindan et al., 2022; 
Dzreke, 2025d; Dzreke & 
Dzreke, 2025g) 

Regeneration 
Intelligence 

Key Activities AI degradation forecasting, 
Predictive remanufacturing 
analytics 

Maximizes material 
recovery rates & value, 
prolongs 
product/component 
lifespans, reduces waste 
disposal costs & virgin 
material procurement 
(e.g., Siemens Gas 
Turbine reman 
optimization). (Kirchherr 
et al., 2023; Dzreke, 
2025e; Dzreke & Dzreke, 
2025t) 

Risk 
Intelligence 

Cost 
Structure 

Real-time scarcity monitoring, 
Predictive regulatory & cost 
analytics 

Mitigates financial 
volatility from resource 
shocks, stabilizes 
expenditure planning, and 
secures ROI for circular 
investments (e.g., hedging 
against rare earth price 
spikes). (Dzreke, 2025f; 
Dzreke, 2025a; Dzreke & 
Dzreke, 2025h) 
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Figure 1. The MI-BMC framework 

Figure 1 conceptually illustrates the MI-BMC framework as a central hub, radiating 
dynamic connections to all nine conventional BMC blocks. This depiction underscores its 
crucial role in aligning strategic objectives with operational execution throughout the 
business model. Empirical evidence from Fairphone illustrates that MI-enhanced value 
propositions, supported by verified material composition and ethical sourcing data, can 
boost customer retention by approximately 25%. MI-driven risk intelligence, when 
applied to cost structures, effectively reduces financial volatility and improves investment 
stability (Dzreke, 2025f; Dzreke, 2025c). Systematically operationalizing MI throughout 
the BMC architecture enables organizations to dismantle linear lock-in, promote 
continuous adaptive learning from material flow data, and attain a sustainable 
competitive advantage marked by resilience and foresight in dynamic, resource-
constrained market contexts (Dzreke, 2025a; Dzreke & Dzreke, 2025g). This integrated 
approach converts circular principles from mere aspiration into tangible operational and 
strategic results. 

Hypotheses and research consequences 

This research proposes two primary, empirically verifiable hypotheses: H1: Companies 
adopting MI-driven value propositions, such as performance guarantees informed by 
material durability analytics, are projected to see a statistically significant rise in customer 
retention rates, estimated at 25%, relative to those using linear value propositions. H2: 
Firms employing MI-enabled cost structures, informed by real-time risk intelligence, are 
projected to achieve a 41% reduction in cost volatility compared to those using traditional 
linear cost models. This hypothesis enhances theoretical understanding by creating clear, 
measurable connections between particular material intelligence capabilities and 
fundamental strategic performance metrics. Their findings present empirical avenues for 
future research to substantiate the MI-BMC framework and serve as a practical guide for 
organizations aiming to adopt circular business models that yield competitive advantages 
through increased resilience and customer value (Dzreke, 2025f; Dzreke & Dzreke, 
2025k). 
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Method 

Study framework 

This study utilizes a meticulously crafted multi-method approach to analyze the ways in 
which material intelligence (MI) transforms business model components for circular 
advantage, incorporating qualitative, quantitative, and computational methods to achieve 
both contextual depth and analytical generalizability (Dzreke, 2025f; Dzreke & Dzreke, 
2025h). The methodology unfolds in three interconnected phases: analysis of 
organizational strategy, measurement of cross-sectional performance, and quantification 
of systemic material flow. This triangulated structure encapsulates the intricate 
interdependencies among technological integration, business model adaptation, and 
material metabolism that form the basis of linear lock-in and circular transition pathways. 
Each phase targets specific aspects of the research questions, collectively yielding 
thorough empirical validation. 

Phase I: Case studies 

Eighteen semi-structured interviews were carried out with senior executives, supply chain 
engineers, and sustainability officers from three leading organizations: Patagonia 
(apparel), Philips (health technology), and Renault Group (automotive). The selection of 
these firms was grounded in their established leadership in adopting circular economic 
principles and their significant investments in MI infrastructure. Interviews concentrated 
on the operationalization of MI within all nine components of the Business Model Canvas, 
examining challenges related to technological implementation, data utilization, and 
strategic realignment (Dzreke, 2025d; Dzreke, 2025c). Thorough triangulation employed 
corporate sustainability reports, real-time operational dashboards, and third-party 
disclosures to guarantee construct validity. Thematic coding quantified the depth of MI 
integration within each BMC block and revealed patterns that connect specific MI 
applications to competitive circular outcomes, including premium resale markets and 
closed-loop material recovery. 

Phase II: Cross-sector survey 

A survey involving 150 manufacturing firms in the European Union and the United States 
quantified the relationships between the intensity of MI adoption and established circular 
key performance indicators (KPIs). These KPIs include resource productivity (€ revenue 
per kg of material input), remanufacturing yield rates, and waste-to-landfill reduction 
percentages (Dzreke, 2025f; Dzreke, 2025e). MI adoption was defined as the percentage 
of BMC blocks (0–100%) that integrated real-time data on material composition, location, 
and condition. Instrument validity was established via a pilot study involving 20 firms, 
resulting in Cronbach’s alpha values surpassing 0.87 for all constructs. Structural 
equation modeling (SEM) examined proposed causal pathways, focusing on MI's 
mediating effect in diminishing linear lock-in, indicated by virgin material dependency, 
and improving circular performance, while accounting for firm size, industry segment, 
and digital maturity indices. 

Phase III: Dynamic material flow analysis (MFA) 

Input-output-based material flow analysis modeled systemic transitions across three 
critical value chains: textiles, medical electronics, and automotive assemblies. This phase 
measured net flows of virgin and secondary materials, energy consumption, and waste 
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generation throughout product lifecycles (Tukker, 2015; Dzreke, 2025d). MFA parameters 
were calibrated utilizing primary data from Phase 1 case firms alongside secondary data 
from Eurostat and USGS, simulating scenarios of "with-MI" and "without-MI." Results 
were combined with Phases 1 and 2 datasets to empirically assess MI’s overall effect on 
circular advantage metrics and the reduction of linear lock-in at the level of industrial 
ecosystems. 

Table 3. Key variables, operationalization, and data sources 

Variable Operationalization Data Source & Example 
MI Adoption % of BMC blocks utilizing real-time 

material data (0-100 scale) 
Case study coding (e.g., Philips’ 
HealthSuite digital platform tracking 
medical device components) 

Circular 
Advantage 

Resource productivity index (Revenue 
÷ Material Input Mass) × 
Remanufacturing yield 

MFA + audited financial reports 
(e.g., Renault’s Re-Factory achieving 
92% material recovery rate) 

Linear Lock-
In 

Virgin material dependency ratio 
(Virgin inputs ÷ Total material inputs) 

Corporate sustainability reports 
(e.g., Patagonia’s Fair Trade 
Certified Cotton supply chain 
disclosures) 

Procedures for data collection and analysis 

All primary data collection followed strict ethical protocols, encompassing written 
informed consent, GDPR/IRB compliance, and complete participant anonymization. 
Transcripts from the case study were subjected to iterative coding in NVivo 14, utilizing 
both deductive (BMC-based) and emergent thematic analysis to discern patterns of MI 
integration. Survey responses were analyzed with SPSS 28 and AMOS 28, employing 
confirmatory factor analysis (CFA) to validate measurement models before SEM 
hypothesis testing. MFA simulations employed Python-driven input-output matrices that 
integrated industry-specific material composition databases, such as EXIOBASE 3.8. 
Methodological triangulation across phases improved internal validity via cross-
verification and ensured external validity through diverse sector sampling, ultimately 
producing actionable frameworks for implementing circular strategies (Dzreke, 2025f; 
Dzreke & Dzreke, 2025h). 

Justification of methodology 

The integrated multi-method design offers distinct analytical advantages: case studies 
yield detailed insights into strategic decision-making, surveys ensure statistical 
generalizability across various contexts, and MFA quantifies net systemic impacts that are 
frequently hidden at the firm level. This method integrates strategic management theory 
(dynamic capabilities), industrial ecology (material flow modeling), and operations 
research (SEM optimization), breaking down disciplinary barriers. It produces 
academically sound evidence and adaptable implementation protocols for integrating MI 
within BMC components, effectively meeting practitioners’ needs to navigate linear lock-
in via data-driven material stewardship. The design's practical impact is evident in the 
creation of auditable MI-BMC implementation roadmaps, validated by cross-sector 
empirical testing. 
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Findings 

RQ1: Reconfiguration of MI-BMC 

An analysis of eighteen case studies reveals a consistent pattern in which material 
intelligence (MI) fundamentally reconfigures established components of the Business 
Model Canvas (BMC). A notable 89% of firms enhanced Key Activities and Customer 
Relationships via MI capabilities. Renault’s use of AI-driven disassembly robots illustrates 
a significant shift in Key Activities, facilitating accurate and efficient material recovery 
while directly informing remanufacturing planning. Philips’ Pay-per-Lux service model 
utilizes precise, real-time tracking of health technology asset usage, transforming 
Customer Relationships by moving from product ownership to performance-based 
contracts supported by material durability data (Dzreke & Dzreke, 2025l; Dzreke & 
Dzreke, 2025n). These integrations illustrate MI's ability to transform traditionally static 
BMC blocks into dynamic, data-driven nodes, thereby significantly improving operational 
visibility and creating continuous feedback loops vital for circular material flows (Dzreke 
& Dzreke, 2025h). Moreover, case evidence demonstrates that MI cultivates remarkable 
cross-functional synergies, effectively connecting procurement decisions, production 
processes, and customer engagement strategies via predictive analytics and blockchain-
secured material passports (Dzreke et al., 2025x). Companies employing integrated 
strategies demonstrated significant agility in managing supply chain disruptions and 
adapting to changing regulations, thereby confirming Dzreke and Dzreke’s (2025q) 
assertion that intelligence-driven interventions are essential for sustainable performance. 
Quantitative survey data strongly support these qualitative insights, showing that firms 
integrating MI across various BMC components achieve notably greater alignment with 
circularity objectives. Structural equation modeling demonstrated that MI integration in 
Key Activities and Customer Relationships had the most significant mediating effect, 
directly mitigating the adverse effects of linear lock-in constraints and facilitating the 
achievement of measurable circular competitive advantage (Dzreke, 2025i; Dzreke et al., 
2025v). The findings reinforce the fundamental theoretical basis of the MI-BMC Canvas, 
establishing MI as the critical link that aligns operational execution, strategic direction, 
and customer value delivery within a unified circular framework. 

RQ2: Metrics of high impact in MI 

A thorough examination of survey data and case studies revealed three MI-derived metrics 
that significantly impact competitive performance and resilience: the Material Circularity 
Index (MCI), Recovery Yield Rate (RYR), and Virgin Material Risk Score (VMRS). The 
metrics clearly correlate with essential business outcomes: the MCI is closely associated 
with decreased regulatory non-compliance penalties, the RYR enhances remanufacturing 
cycle times, and the VMRS successfully reduces cost volatility linked to reliance on virgin 
resources (Dzreke & Dzreke, 2025j; Dzreke, 2025u). The regression results in Table 4 
demonstrate robust predictive power, with standardized beta coefficients (β) between 
0.68 and 0.81, underscoring the measurable competitive advantages of integrating MI 
into core decision-making processes. This research advances previous studies by 
demonstrating a clear, empirical connection between detailed, material-level intelligence 
measured by MI and measurable, firm-level performance results. This illustrates that 
circular competitive advantage is not just a theoretical construct but can be effectively 
operationalized, monitored, and managed in real time using specific MI metrics (Dzreke 
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& Dzreke, 2025m). The analysis indicates that MI adoption provides two strategic 
advantages: significant operational efficiency improvements and enhanced reputation 
through independently verifiable sustainability claims. Firms employing blockchain-
enabled material passports for traceability and IoT-monitored reverse logistics networks 
experienced a 29% reduction in compliance-related fines and achieved remanufacturing 
cycles up to 34% faster than their non-MI counterparts (Dzreke & Dzreke, 2025n; Dzreke 
et al., 2025v). The results demonstrate a direct causal relationship between MI-informed 
key performance indicators (KPIs) and tangible competitive outcomes, underscoring the 
necessity of advanced MI capabilities for firms to systematically address the widespread 
issue of linear lock-in (Dzreke & Dzreke, 2025r). 

Table 4. Top competitive drivers of material intelligence integration (survey regression 

results) 

MI Metric Competitive 
Advantage Impact 

Standardized 
Beta (β) 

Significance 

Material Circularity 
Index (MCI) 

29% reduction in 
compliance fines 

0.72 ** 

Recovery Yield Rate 
(RYR) 

34% faster time-to-
remanufacture 

0.68 * 

Virgin Material Risk 
Score (VMRS) 

41% reduction in cost 
volatility 

0.81 *** 

***p<0.001, **p<0.01, *p<0.05 

Note: Practical impact exemplified by automotive suppliers using VMRS to hedge against 
rare earth metal price fluctuations, securing long-term contracts. 

RQ3: Disrupting linear lock-in 

The empirical investigation revealed a systematic four-phase roadmap—Material 
Mapping, BMC Integration, Stakeholder Alignment, and Dynamic Scaling (Figure 2)—
that allows firms to dismantle entrenched linear lock-in by embedding MI across the BMC 
(Dzreke et al., 2025x). The analysis that combines case study narratives with Material 
Flow Analysis (MFA) outputs clarifies this process: Material Mapping entails a thorough 
cataloging of all material inflows, outflows, and stocks, while identifying opportunities for 
regenerative value. BMC Integration necessitates the incorporation of MI-derived data 
and insights into operational workflows, financial models—such as cost structures shifting 
towards recovery optimization—and customer engagement channels, including service 
contracts informed by durability analytics. Stakeholder Alignment emphasizes the 
establishment of common sustainability goals and data transparency standards 
throughout the value network, encompassing raw material suppliers, regulators, and end-
users. Dynamic Scaling creates frameworks for iterative enhancement and adaptive 
response, utilizing ongoing MI feedback to optimize processes and effectively expand 
circular initiatives (Dzreke & Dzreke, 2025r; Dzreke et al., 2025v). Companies that 
thoroughly executed this comprehensive roadmap realized clear benefits: substantial 
decreases in reliance on virgin materials, improved rates of circular resource use, and a 
notable alignment between strategic circularity objectives and practical operational 
implementation. Philips’ real-time monitoring of medical imaging equipment usage 
facilitated predictive maintenance, resulting in a more than 20% extension of asset 
lifespans and a direct enhancement of resource productivity. Renault's AI-driven 
disassembly systems enhance the recovery of high-value materials from end-of-life 
vehicles, while also decreasing supply chain bottlenecks and landfill waste by 35% (Dzreke 
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& Dzreke, 2025l; Dzreke et al., 2025u). These results highlight that MI serves not merely 
as an ancillary tool but as a core capability, fundamentally reshaping business models 
from linear, resource-heavy frameworks into resilient, adaptive circular systems. 

 

Figure 2. MI-BMC implementation roadmap 

Summary of findings 

The findings collectively offer strong empirical evidence that the integration of material 
intelligence (MI) leads to three essential outcomes: the reconfiguration of core business 
model components, the creation of measurable competitive advantage through specific 
high-impact metrics, and the establishment of a structured, actionable pathway to 
dismantle linear lock-in. Qualitative case evidence and quantitative survey data converge 
to show that MI adoption produces tangible benefits, such as improved operational 
efficiencies (e.g., quicker remanufacturing, reduced compliance costs), enhanced risk 
mitigation (e.g., decreased material cost volatility), and increased stakeholder trust 
through verifiable sustainability performance. The convergence of evidence solidly 
positions the MI-BMC Canvas as a viable framework, linking theoretical insights from 
circular economy and business model innovation with practical guidance for managers 
aiming to implement circularity at scale and enhance competitive resilience (Dzreke & 
Dzreke, 2025j; Dzreke et al., 2025x). 

Discussion: From theory to implementation 

Theoretical implications 

This research significantly advances theoretical understanding by positioning material 
intelligence (MI) as a critical dynamic capability that fundamentally bridges the persistent 
gap between circular strategy formulation and operational execution. This aligns precisely 
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with Teece’s (2018) conceptualization, where dynamic capabilities underpin sustainable 
competitive advantage through sensing opportunities, seizing them, and transforming 
organizational assets. Embedding MI within the Business Model Canvas (BMC) 
framework operationalizes circular principles beyond abstract ideals, translating them 
into concrete, measurable routines that systematically reconfigure procurement, 
production, distribution, and customer engagement processes (Dzreke & Dzreke, 2025l; 
Dzreke & Dzreke, 2025n). The evidence demonstrates that integrating AI, blockchain, and 
IoT creates a feedback-rich environment essential for anticipating material scarcity, 
optimizing reverse logistics networks, and ensuring consistent alignment between 
strategic intent and operational reality. Consequently, MI functions as a connective 
organizational tissue, transforming the BMC from a static, linear representation into a 
dynamic, adaptive system capable of continuous improvement and proactive risk 
mitigation (Dzreke et al., 2025x). These findings substantiate and extend prior research 
emphasizing data-driven infrastructures as critical enablers for circular product-service 
systems and resource optimization (Bocken et al., 2019; Geissdoerfer et al., 2020a; 
Kirchherr et al., 2023). Furthermore, the capabilities enabled by IoT monitoring, granular 
lifecycle assessment, and blockchain-based material tracking significantly enhance 
predictive accuracy, reinforcing the core theoretical premise that intelligence-rich 
frameworks are indispensable for operationalizing circularity at scale (Haas et al., 2020; 
Tukker, 2015). 

Managerial implications 

For practitioners navigating the complexities of circular transition, material intelligence 
serves as a dual-purpose mechanism: it directly informs high-level strategic choices while 
simultaneously driving tangible, day-to-day operational efficiencies. Table 5 synthesizes 
common barriers encountered across BMC blocks and identifies specific MI-enabled 
solutions, providing a structured approach for dismantling entrenched linear lock-in. 
Revenue streams, for instance, frequently face significant cannibalization concerns when 
shifting from product sales to access- or performance-based models. MI addresses this by 
enabling transparent quantification and sharing of demonstrable cost savings across 
stakeholder networks. Patagonia’s Worn Wear program exemplifies this, utilizing detailed 
material flow analytics to justify profit-sharing mechanisms with customers, thereby 
aligning incentives and reducing managerial resistance to circular revenue models 
(Fairphone, 2023). Similarly, key partnerships often encounter supplier reluctance, 
particularly when upstream actors perceive recycled or remanufactured inputs as 
introducing quality or reliability risks. Deploying collaborative MI data platforms, such as 
the blockchain-based traceability network implemented by Philips with its suppliers, 
fosters unprecedented levels of trust, guarantees verifiable traceability, and facilitates 
vital co-learning across the value chain (Dzreke & Dzreke, 2025r; Dzreke et al., 2025v). 
These cases underscore that MI functions not merely as a technical tool but as a potent 
social and managerial lever for coordinating complex, multi-stakeholder ecosystems 
essential for circularity. This reinforces prior literature highlighting collaboration-enabled 
supply chains and integrated procurement networks as vital for enhancing resilience, 
minimizing waste, and strengthening organizational legitimacy (Govindan et al., 2022; 
Saidani et al., 2023). 
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Table 5. Overcoming linear lock-in: Material intelligence solutions by BMC block 

BMC Block Barrier MI Solution & Competitive Impact 
Revenue 
Streams 

Cannibalization 
fears from new 
business models 

MI-proven cost savings sharing: Transparently 
allocates savings from material recovery & reuse (e.g., 
reduced virgin material costs, lower waste disposal fees) 
to stakeholders, justifying new pricing structures & 
reducing internal resistance. Patagonia Worn Wear: 
Shares verified savings from recycled materials with 
customers, driving program adoption. 

Key 
Partnerships 

Supplier 
resistance to 
circular inputs 

Joint MI data platforms: Provides shared, 
immutable data on secondary material quality, 
performance history, and compliance (e.g., blockchain-
tracked material passports). Builds trust, reduces 
perceived risk, & incentivizes supplier 
participation. Philips Supplier Network: Blockchain-
based traceability increased supplier adoption of 
refurbished medical equipment components by 40%. 

Preventive and generative benefits of MI 

Material intelligence delivers distinct yet complementary preventive and generative 
benefits, crucial for achieving competitive circular advantage. Preventively, MI 
significantly reduces organizational exposure to volatile virgin material markets, 
proactively mitigates risks associated with regulatory non-compliance (e.g., evolving 
Extended Producer Responsibility schemes), and systematically addresses linear lock-in 
through continuous, real-time monitoring of resource flows and recovery rates. 
Generatively, MI unlocks new value creation opportunities by enabling firms to identify 
and develop novel performance-based propositions, establish secondary revenue streams 
through sophisticated product-as-a-service models, and substantively enhance brand 
legitimacy through auditable, data-driven validation of environmental claims (Dzreke & 
Dzreke, 2025j; Dzreke et al., 2025u). These dual functions resonate with the broader 
theoretical concept of information-enabled sustainable competitive advantage, 
increasingly discussed within circular economy and sustainability management 
scholarship (Bocken et al., 2019; Geissdoerfer et al., 2020a). This evidence solidifies the 
conceptualization of MI as a dynamic capability with multi-level impact: it concurrently 
shapes granular operational decisions—such as optimizing disassembly sequences—and 
informs overarching strategic direction—such as entering new markets based on 
recovered material availability—yielding measurable improvements in circular advantage, 
organizational resilience, and stakeholder trust. 

Limitations and opportunities for future research 

Several methodological limitations warrant consideration. The study sample 
predominantly features large multinational corporations with mature digital and 
sustainability infrastructures, potentially limiting the immediate transferability of 
findings to small- and medium-sized enterprises (SMEs). SMEs often encounter 
significant resource constraints that impede the adoption of advanced AI, IoT, or 
blockchain technologies central to comprehensive MI implementation. Future research 
should urgently investigate hybrid or scaled MI adoption strategies suitable for SMEs, 
potentially leveraging shared industry platforms, public-private infrastructure 
partnerships, or modular, lower-cost digital tools that align with smaller operational 
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scales and capabilities (Dzreke & Dzreke, 2025v; Dzreke et al., 2025x). Additionally, 
longitudinal research designs are essential to capture the sustained performance impact 
of MI integration, particularly within volatile market environments characterized by 
fluctuating material prices, rapidly evolving regulatory frameworks (e.g., CBAM, Digital 
Product Passports), and shifting consumer sustainability expectations (Haas et al., 2020; 
Kirchherr et al., 2023; Tukker, 2015). Cross-industry comparative studies would further 
elucidate how contextual factors—such as material criticality, product complexity, and 
regulatory intensity—moderate the effectiveness of MI in driving circular outcomes across 
diverse sectors (Saidani et al., 2023; Govindan et al., 2022). 

Implementation roadmap 

The practical implementation roadmap derived from this study advocates a phased 
integration of MI across the BMC, prioritizing critical leverage points for initial impact. 
Early adoption should concentrate on Key Activities and Customer Relationships, where 
embedding predictive analytics for disassembly forecasting, integrating blockchain-
tracked material passports, and deploying real-time condition monitoring generates 
immediate operational efficiencies and reputational gains. For instance, predictive 
disassembly planning in automotive remanufacturing can reduce processing time by 15-
25%, while material passports in electronics enhance customer trust in refurbished 
products (Dzreke & Dzreke, 2025l; Dzreke & Dzreke, 2025n). Subsequent phases require 
broader organizational embedding, focused stakeholder alignment—particularly with 
suppliers and logistics partners—and dynamic scaling of data infrastructure to ensure 
insights are actionable across functions and responsive to evolving market and regulatory 
conditions. This iterative approach emphasizes continuous learning and adaptive 
governance, crucial in sectors where circular practices are nascent and oversight 
frameworks are developing (Fairphone, 2023; Geissdoerfer et al., 2020a; Bocken et al., 
2019). 

Concluding synthesis 

This discussion establishes material intelligence as a transformative lens through which 
firms can reconcile the ambitious goals of circular strategy with the practical demands of 
operational execution. Embedding intelligence systematically across every component of 
the Business Model Canvas enables organizations to construct a harmonized system of 
value creation that demonstrably enhances economic efficiency while advancing 
environmental sustainability. The study provides a critical bridge between theory and 
practice, offering actionable managerial frameworks, illustrative industry exemplars, and 
a structured roadmap for overcoming pervasive linear lock-in, while candidly 
acknowledging contextual limitations related to firm size and market volatility. The 
integration of MI into the core architecture of the BMC establishes a robust foundation 
for future scholarly inquiry into adaptive, intelligence-driven business models. This 
research has significant potential to inform public policy design, enhance supply chain 
governance mechanisms, and accelerate cross-industry circularity initiatives by 
demonstrating the tangible pathways and measurable benefits of intelligence-driven 
circular transformation. 

Conclusion 

This study introduces the Material Intelligence–Business Model Canvas (MI-BMC) 
framework, which transforms materials from mere cost inputs into strategic, intelligence-
driven assets essential for competitive advantage, systemic resilience, and scalable 
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circularity. The framework empowers firms to implement circular principles throughout 
their value networks by integrating predictive analytics for material recovery, AI-driven 
disassembly planning, blockchain-enabled material passports, and IoT-monitored 
resource flows. This integration incorporates actionable, real-time material insights into 
strategic procurement, adaptive production processes, value-driven customer 
engagement, and risk-informed financial decision-making (Dzreke & Dzreke, 2025l; 
Dzreke & Dzreke, 2025n; Dzreke et al., 2025x). Evidence from eighteen detailed case 
studies, comprehensive survey data, and precise material flow analyses confirms that MI 
adoption significantly improves operational efficiency, reduces reliance on virgin resource 
extraction, mitigates regulatory and reputational risks, and enhances stakeholder trust. 
The results demonstrate a clear causal relationship between intelligence-driven material 
management and quantifiable competitive advantages, such as cost reduction, revenue 
diversification, and growth in market share within circular markets (Dzreke & Dzreke, 
2025j; Dzreke et al., 2025u; Dzreke et al., 2025v). These findings highlight a significant 
shift: the intrinsic value of materials in a circular economy transcends their physical 
attributes, incorporating embedded knowledge, traceability, and predictive insights. This 
empowers firms to foresee disruptions, adapt strategies, and innovate value propositions 
within intricate circular supply chains (Bocken et al., 2019; Geissdoerfer et al., 2020b; 
Kirchherr et al., 2023).  

This research promotes regulatory frameworks, including the EU Taxonomy for 
Sustainable Activities and proposed Extended Producer Responsibility (EPR) schemes, to 
require the disclosure of Material Intelligence practices and their measurable outcomes 
in corporate business model reporting. Regulatory transparency would improve corporate 
accountability, encourage authentic data-driven circularity investments, and provide 
investors, regulators, and consumers with dependable, auditable means to assess the 
truthfulness of corporate sustainability claims and progress relative to planetary 
boundaries (Haas et al., 2020). Recognizing MI data and processes as formalized, 
auditable assets allows regulators, financial institutions, and corporate managers to close 
the gap between environmental intent and operational execution. This alignment of 
commercial incentives with ecological imperatives fosters market mechanisms that 
reward authentic circular performance. 

This argument asserts that in a mature circular economy, the most strategically valuable 
resource is not the material itself, but the actionable intelligence inherent in its entire 
lifecycle. Material intelligence serves as a crucial lens for firms to integrate strategy 
formulation, operational execution, and stakeholder engagement, fostering adaptive, 
resilient, and sustainable value creation. The MI-BMC framework provides a theoretically 
robust and practically applicable blueprint for implementing this essential insight, 
enabling firms to attain leadership in the forthcoming era of enterprise management 
characterized by closed-loop material orchestration, intelligence-driven foresight, and 
competitive circularity (Dzreke & Dzreke, 2025r; Dzreke et al., 2025v; Tukker, 2015).  
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