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Abstract 

Modern cities face a thermodynamic paradox: economic growth accelerates material entropy, yet prevailing urban 
sustainability paradigms overlook the fundamental constraint of irreversible resource degradation. This linear, 
resource-intensive growth model has pushed urban metabolism to a critical threshold where cities consume 75% of 
global materials and produce 70% of CO₂ emissions. Yet, a framework for systematically mitigating this entropic 
decay remains absent from mainstream urban planning. This study seeks to bridge this gap by analysing Japan's 
systematic institutionalisation of Georgescu-Roegen's entropy law through a multi-scalar governance framework, 
with Kawasaki's Eco-Town as a primary case study. We demonstrate how Japan's hierarchical approach has achieved 
remarkable outcomes by implementing three core mechanisms across distinct scales: (1) Macro-scale policy that 
establishes Extended Producer Responsibility (EPR) frameworks and mandatory, high -level recycling targets, 
acting as de facto national entropy budgets, (2) Meso-scale spatial optimisation through municipal industrial 
symbiosis that minimises transport and processing dissipation; and (3) Micro-scale citizen co-design programmes 
that cultivate low-entropy behaviours and ensure high-fidelity compliance. This integrated framework enables high-
value material loops, evidenced by an 85% PET recycling rate, a 99% construction material recycling rate in 
Kawasaki, and a national landfill rate of 0.8%. Kawasaki’s per capita waste generation of 730g/day—the lowest in 
Japan—stands as a key metric of micro-scale efficacy. However, irreducible thermodynamic frontiers persist, 
particularly regarding critical material recovery, where lithium and silver recovery remain below 1% due to 
fundamental concentration limits (NERR < 1). Through integrated policy analysis, we argue that while perfect 
circularity is thermodynamically unattainable, strategic multi-scalar entropy reduction offers a replicable blueprint 
for aligning urban development with biophysical reality.  

Keywords: Thermodynamic Governance · Georgescu-Roegen Entropy Law · Circular Economy Implementation 
· Urban Industrial Symbiosis · Entropy-Aware Policy 

Highlights 
1. Hierarchical entropy governance transforms cities into circular systems Japan's Extended Producer 

Responsibility (EPR), Kawasaki's industrial symbiosis, and citizen entropy literacy collectively 
reconcile urban development with biophysical limits.  

2. Spatial symbiosis enables exergy cascading Kawasaki's Eco-Town demonstrates how industrial 
clustering minimises transport dissipation and optimises thermodynamic efficiency through closed-loop 
material flows. 

3. Citizen-powered entropy literacy drives circular compliances Policy-citizen synergies—exemplified by 
PET bottle ecosystems and the Demae Gomi School—create high-value material loops through 

 
1 Faculty of Economics, Keio University, Tokyo 108-8345, Japan 
2 Faculty of Economics, Otemon Gakuin University, Osaka 567-8502, Japan 
3 Institute for Environment and Development (LESTARI), National University of Malaysia, Bangi 43600, Selangor, Malaysia  
* Corresponding author: choy3293@gmail.com 

https://doi.org/10.55845/jos-2025-1262


Journal of Sustainability 

2 

behavioural transformation and resource stewardship.  
4. Thermodynamic frontiers: Irreducible downcycling constraints—such as <1% lithium recovery via 

conventional hydrometallurgical methods—demonstrate perfect circularity's impossibility, yet strategic 
entropy reduction remains achievable per Georgescu-Roegen's axiom 

1. INTRODUCTION  

Contemporary cities function as thermodynamic accelerators, transforming low-entropy resources into economic 
output while generating high-entropy waste. This is a critical blind spot with profound theoretical and policy 
implications. This process has pushed urban metabolism to a critical threshold: cities consume 75% of global 
materials (UNDP, 2024) and produce 70% of CO₂ emissions (Circular Economy Foundation, 2024). Conventional 
sustainability paradigms overlook irreversible entropic decay, as seen in Kawasaki’s initial recycling failures prior 
to systemic thermodynamic reforms. This linear throughput model represents what Georgescu-Roegen (1971) 
identified as the fundamental economic problem: the irreversible degradation of valuable low-entropy resources 
into dispersed, unusable high-entropy waste. This is a critical blind spot with profound theoretical and policy 
implications. 

This study addresses a fundamental research question: How can cities operationalise thermodynamic principles 
through a multi-scalar governance framework to mitigate urban resource dissipation? We answer this through a 
comprehensive analysis of Japan's half-century journey toward institutionalising Georgescu-Roegen's entropy law 
within its policy fabric. We use the transformation of Kawasaki from pollution epicentre to circular economy 
exemplar as our central case study. We argue that this operationalisation requires an integrated framework acting 
across macro (national), meso (municipal/industrial), and micro (citizen) scales.  

We consciously position Kawasaki not as the first entropy-aware city but as one of the most comprehensive 
empirical manifestations of hierarchical thermodynamic governance. 
In this study, 'thermodynamic governance' is defined as the use of policy frameworks and business models to 
explicitly minimise the dissipation of energy and matter, thereby reducing entropy production. This 
operationalisation of thermodynamic principles is achieved through three key strategies: 

• Prioritising high-value material loops such as bottle-to-bottle recycling. 

• Exploiting waste heat recovery to maximise energy efficiency.  

• Selecting recycling processes with a positive Net Energy Recycling Ratio (NERR) to ensure a net energy 
gain. 

Our methodological approach combines qualitative policy analysis with quantitative material flow assessment 
across these multiple scales of governance (macro, meso, micro). We examine national legislation (macro), 
municipal implementation (meso), and citizen engagement strategies (micro) through the theoretical lens of 
ecological economics, employing the Net Energy Recycling Ratio (NERR) as a key metric for evaluating the 
thermodynamic efficiency of recycling processes. 

The paper makes five substantive contributions to the literature by operationalising thermodynamic principles 
across governance scales: 

• Macro-scale policy innovation: It provides the first analysis of Japan's Extended Producer Responsibility 
(EPR) frameworks as a national-scale mechanism for establishing thermodynamic accountability, 
effectively creating de facto entropy budgets that cap material dissipation. 

• A novel thermodynamic metric: It pioneers the application of the Net Energy Recycling Ratio (NERR) 
to evaluate urban circularity, providing an energy-based tool that reveals the thermodynamic superiority 
of high-value loops over conventional mass-based recycling metrics. 

• Meso-scale spatial validation: It offers empirical validation from the Kawasaki Eco-Town that strategic 
industrial clustering is a critical meso-scale strategy for minimising transport entropy and enabling 
exergy cascading, as evidenced by a 99% construction material recycling rate. 

• Micro-scale behavioural change: It analyses the institutionalisation of entropy literacy through 
innovative pedagogical tools, including the Demae Gomi School, demonstrating how micro-scale citizen 
stewardship and high-fidelity waste sorting are achieved. 
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• A synthesised multi-scalar model: Its primary theoretical contribution is the synthesis of a replicable 
hierarchical governance model that successfully integrates macro-scale policy, meso-scale spatial 
optimisation, and micro-scale citizen co-design into a coherent framework for mitigating urban resource 
dissipation. 

Through policy analysis and material flow tracking of Kawasaki's Eco-Town, we dissect Japan's legislative 
framework. This framework, codified in laws from the 1995 Containers and Packaging Recycling Act to the 2021 
Plastic Resource Circulation Act, enforces resource management across three scales: macro-level EPR imposing 
entropy penalties; spatial industrial clustering achieving 99% construction material recycling; and material 
valorisation through cascading loops like 33.7% bottle-to-bottle PET recycling. By demonstrating Japan's 
reconciliation of circular economy ambitions with biophysical realism—evidenced by a 0.8% landfill rate (2023)—
we offer a pragmatic pathway for urban resilience aligned with material constraints rather than economic 
presumption. 

2. LITERATURE REVIEW 

2.1 The Thermodynamic Blind Spot in Urban Sustainability  

Urban sustainability scholarship remains constrained by two influential yet thermodynamically naive paradigms: 
urban metabolism (UM) studies and circular economy (CE) models. While these approaches have advanced our 
understanding of material flows, they fundamentally overlook the irreversible entropy production inherent in urban 
resource transformations—a critical blind spot with profound theoretical and policy implications.  

The UM framework, pioneered by Wolman's (1965) seminal conceptualisation of cities as biological entities 
requiring resource inputs and waste outputs, established essential methodologies for quantifying material flows. 
Subsequent refinements by Kennedy et al. (2007) developed sophisticated analyses of changing urban metabolic 
patterns, while Zhang et al. (2014) demonstrated how these studies systematically ignore the qualitative degradation 
of resources during use. Even advanced comparative analyses like Rosado et al.'s (2016) study of Swedish 
metropolitan areas—which revealed significant differences in material flow characteristics—fail to incorporate 
thermodynamic realities. This thermodynamic oversight is starkly revealed in metal recycling disparities (Table 1): 
critical green transition materials like lithium exhibit <1% recovery. This constitutes an order of magnitude below 
structurally simple metals like iron (>50%) and structural steel from construction, which achieves a 98% recycling 
rate (Graedel et al., 2011; Rao and Parker, 2025). 

Table 1. Thermodynamic Hierarchy of Metal Recycling Efficiency and Entropic Decay  

Metal Recycled content Recycled rate Scrap ratio

Lithium (Li) <1% <1% <1%

Beryllium (Be) >10-25% <1% >10-25%

Arsenic (As) <1% <1% <1%

Zirconium (Zr) >1-10% <1% Not available 

Lanthanum (La) >1-10% <1% Not available 

Cerium (Ce) >1-10% <1% Not available 

Chromium (Cr) >10-25% >50% >50%

Copper (Cu) >10-25% >50% >25-50%

Zinc (Zn) >10-25% >50% >25-50%

Aluminum (Al) >25-50% >50% >25-50%

Manganese (Mn) >25-50% >50% >25-50%

Iron (Fe) >25-50% >50% >50%

Niobium (Nb) >50% >50% >25-50%

Ruthenium (Ru) >50% >10-25% >1-10%

Lead (Pb) >50% >50% >50%  
Source: Graedel et al., 2011; Rao and Parker, 2025. 

Notes: Recycling disparities reflect thermodynamic constraints: (a) Concentration limits: Below <0.01% purity, entropy -

driven dispersion raises reconcentration exergy beyond feasible levels, precluding high -yield recovery, for example, lithium 
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in mixed e-waste (Graedel et al. 2011), (b) Energy feasibility: Net Energy Recycling Ratio (NERR) <1 signals recycling 

consumes more energy than saved, for example, legacy lithium: NERR≈0.4. Advanced hydrometallurgy (Stanford University, 

2025) achieves NERR>2.5 for battery-grade lithium, yet remains constrained by (a) and (d). Irreversible degradation: 

Material exergy loss through structural damage, for example, silicon crystal fracture in PV panels, prevents closed -loop 

cycling. 

This disparity stems from three insurmountable thermodynamic constraints:  
1. Inevitable material losses: Irreversible dissipation occurs through mechanisms like volatilisation, for 

example, zinc loss as flue gases during smelting (Zhu et al., 2020) and structural degradation such as 
corrosion of zinc-based foams (Kádár et al., 2024).  

2. Energy-concentration thresholds: Recycling becomes infeasible when material purity falls below 0.01% 
(non-recoverable due to technical/economic limits) or when recycling energy demands exceed the 
energy saved versus virgin extraction (NERR>1). 

3. Technological entanglements: Complex modern materials like multi-element alloys in wind turbine 
blades (composites of thermoset resins with fibreglass/carbon fibre) resist separation, making circularity 
thermodynamically impractical (Moseman, 2023).  

Parallel limitations plague CE models, which emphasise material loops and zero-waste objectives (Murray et al., 
2017) but rely on physically unattainable assumptions of near-perfect circularity. As empirically demonstrated by 
Wen et al. (2021), policies ignoring entropy—such as China’s plastic import ban—merely displace environmental 
impacts spatially. For example, waste exports to Southeast Asia increased 3.62-fold and amplified them entropically, 
with global warming impacts rising by 8.3-fold. Kirchherr et al.'s (2017) systematic review of 114 CE definitions 
further reveals that 87% neglect systemic redesign, focusing instead on incremental recycling that cannot overcome 
thermodynamic barriers. This aligns with the foundational "limits to growth" thesis (Meadows et al., 1972), 
underscoring the ecological impossibility of infinite resource cycling within a finite, entropy-governed system. 

2.2 The Thermodynamic Crisis in Urban Metabolism 

The consequences of this thermodynamic blindness are empirically visible in global urban systems, as shown in 
Figure 1. Cities drive 75-80% of CO₂ emissions (Luqman et al., 2023; Collacott, 2022) while processing 106.6 
gigatonnes (Gt) of materials annually (UNEP, 2024)—generating waste projected to reach 3.4 Gt by 2050 (UNDP, 
2025). Urban-industrial metabolisms linearly throughput 91% of resources (2019), yielding only 9.5 Gt recycled 
materials while transforming low-entropy inputs into 24.6 Gt CO₂/year and 2 Gt solid waste annually (UNDP, 2025; 
Energy Institute, 2024). Accounting for 55% of global GHGs, these systems have propelled atmospheric CO₂ to 
424.61 ppm (2024)—a 52% increase over pre-industrial levels (Lan and Keeling, 2025)—with 80% fossil energy 
dependence intensifying entropic degradation (Ulpiani et al., 2023).  

Figure 1 provides a conceptual model of this unsustainable, high-entropy global metabolism characterised by 
massive resource extraction and the consequent generation of degraded waste, emissions, and heat. This paper 
argues that the urban scale is the critical leverage point for intervening in this system. The city of Kawasaki, Japan, 
serves as a seminal case study of such intervention. While the global system recycles a mere ~9% of its material 
flow, Kawasaki's multi-scalar governance framework has enabled a metabolic transformation, directly countering 
the flows depicted in Figure 1. 
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Figure 1: Global Urban Metabolism as an Entropic Linear Flow System 

Notes: Concentrated solar thermal energy (150–300°C) achieves efficient conversion to high-grade solar fuel through 

integration of mid/low-temperature solar thermochemical technology with hydrocarbon endothermic reactions (Jin et al., 

2009). Global circularity remains low, with only ~9% of material flows being recycled. Overcoming this linear paradigm 

requires innovations that address both material and energy entropy, such as low-temperature solar thermochemical 

technology for waste heat recovery to mitigate the massive resource inputs shown. 

The renewable paradox exposes profound thermodynamic blindness: green infrastructure inadvertently 
accelerates material dissipation due to second-law of thermodynamics constraints. This manifests most starkly in 
critical metals like lithium and silver, where <1% recycling rates (Table 1) result from concentration limits (<0.01% 
purity in waste streams), energy infeasibility (NERR <1), and net entropy increases where embodied degradation 
exceeds operational savings. Downcycling inevitability—such as high-grade aluminium degenerating into casting 
alloys—further compounds irreversible resource degradation. Even marginal reduction strategies like low-grade 
heat recovery remain thermodynamically insufficient, unable to overcome the irreversibility of resource 
transformation that degrades usable energy and material quality.  

Conventional sustainability frameworks fail to address irreversible thermodynamic degradation. Urban 
Metabolism (UM) studies, pioneered by Wolman (1965) and extended by Kennedy et al. (2007), quantify material 
flows but overlook qualitative decay. Similarly, Circular Economy (CE) models like the European Union's violate 
biophysical reality by assuming infinite recyclability. The EU's high-level recycling targets—notably 65% for 
municipal waste—epitomise this systemic flaw by ignoring the entropic toll of downcycling. Even if achieved, 
material degradation during recycling dissipates embedded energy and value, perpetuating linear resource 
consumption. Compounding this thermodynamic oversight,10 Member States risk missing both municipal (55%) 
and packaging (65%) 2025 targets, while 8 other member states will likely fail the municipal target alone, 
underscoring the inadequacy of volume-based metrics in addressing irreversible material entropy (EEA, 2023). This 
paper analyses Japan's multi-scalar entropy governance framework—codified in laws ranging from the 1995 
Containers and Packaging Recycling Act to the 2021 Plastic Resource Circulation Act—through a case study of 
Kawasaki's Eco-Town. Collectively, this 'entropy blindness' (Daly, 1996) perpetuates policies divorced from 
material constraints, obscuring the fundamental tension between economic growth and entropic decay. This gap 
demands entropy-aware urban design that fundamentally rejects circularity fiction by acknowledging material-
specific thermodynamic hierarchies (Table 1). Such a design must prioritise absolute throughput reduction within 
planetary boundaries while translating entropy law into measurable metrics—particularly recycled rates and Net 
Energy Recycling Ratio (NERR)—to govern resource pathways through biophysical reality rather than economic 
presumption. 
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2.3 Conceptual Underpinnings: Thermodynamics as the Foundation of  Urban Sustainability  

Ecological economics—rooted in Georgescu-Roegen's (1971) entropy law—provides the essential paradigm for 
reconceptualising cities as open, evolutionary, dissipative systems governed by the Second Law of Thermodynamics 
(Costanza et al., 1991; Daly, 1996). Contemporary urban governance models fundamentally neglect the 
operationalisation of these thermodynamic principles to counter entropy acceleration, as evidenced by UM's 
exclusive focus on quantitative flow analysis and CE's biophysically implausible assump tion of near-infinite 
recyclability. 

The second law dictates an irreversible trajectory: all energy and resource transformations degrade concentrated, 
low-entropy inputs into dispersed, high-entropy waste states, increasing total systemic disorder. For instance, fossil 
fuel combustion converts high-grade chemical energy into useful work but simultaneously dissipates waste heat 
and GHGs into the atmosphere—entropic outputs that accumulate in the environment, driving climate disruption 
(Ayres and Warr, 2009; Choy et al., 2025). 

Central to the Second Law of Thermodynamics, entropy operates as a dual metric: it quantifies energetic 
irreversibility (energy rendered unavailable for work) and material dispersion (disintegration of ordered structures 
into disordered waste). Industrial systems thus degrade planetary low-entropy stocks into high-entropy pollutants 
(Georgescu-Roegen, 1976; Gowdy and Mesner, 1998; Choy et al., 2025).  

Crucially, this degradation is inexorable; recycling merely delays but cannot negate entropic decay. Material 
flows exhibit thermodynamic diminishing returns wherein resource dispersion toward crustal averages 
exponentially escalates reconcentration exergy requirements, depressing the Net Energy Recycling Ratio (NERR) 
below viability thresholds (NERR<1) (Ayres, 1999). This reality invalidates CE's presumption of closed loops—a 
flaw starkly visible in policies like the EU's 65% municipal recycling target, which ignores downcycling's entropic 
toll.  

For example, mechanical PET recycling incurs irreversible entropic decay, with Lai et al. documenting 30% 
material performance loss and 65% economic value depletion after one cycle—culminating in zero value after 
multiple cycles due to macromolecular degradation and contaminant accumulation. This degradation forces 
eventual high-entropy disposal: 96% incineration in Singapore, while India's 70% 'recycling' relies on downcycling 
(Lai et al., 2022). Consequently, ecological economics demands a paradigm shift from circular illusions to strategic 
entropy governance (Daly, 1996). This necessitates: 

a. Absolute throughput reduction within planetary boundaries to slow entropic decay;  
b. High-value retention hierarchies prioritising materials with low reconcentration entropy, such as 

aluminium recycling over multi-layer plastics; 
c. Spatial optimisation of resource flows through industrial symbiosis to minimise transport dissipation;  
d. Entropy-aware metrics (NERR), mitigating entropy-blind shortcomings in tonnage-focused assessments. 

This study is grounded in Nicolas Georgescu-Roegen's economic interpretation of the Second Law of 
Thermodynamics, or the Entropy Law. This law states that in any closed system, economic processes inevitably and 
irreversibly transform usable energy and matter (low entropy) into useless waste and dissipated heat (high entropy). 
The central challenge of sustainable governance is therefore to delay this entropic degradation. This theoretical 
framework provides the foundation for analysing Japan's approach to urban governance, which represents one of 
the most comprehensive attempts to operationalise these principles across multiple scales of policy implementation. 

3. RESEARCH DESIGN AND ANALYTICAL FRAMEWORK  

3.1 Research Design and Transparency  

This study employs an in-depth, single-case study research design to investigate the operationalisation of multi-
scalar thermodynamic governance. The city of Kawasaki, Japan, was selected as a critical case based on the 
following criteria: 

• Exemplary performance: It has consistently achieved Japan's highest material recycling rate (~89%) and 
lowest per-capita waste generation, demonstrating proven success in entropy reduction.  

• Policy pioneering: It was a state-designated Eco-Town, providing a mature, policy-driven laboratory for 
industrial-urban symbiosis. 
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• Data availability: Its long-term commitment to sustainability has resulted in extensive, publicly available 
reporting on material flows and policy outcomes, which is essential for longitudinal analysis.  

The study involves three dimensions that structure our investigation: 

• Thermodynamic governance evaluation of Extended Producer Responsibility (EPR) provisions, 
penalty-subsidy structures, and lifecycle accountability mechanisms across Japan's legislative 
framework. The EPR is the cornerstone of Japan's waste management framework. 

• Performance benchmarking of recycling rates against Table 1's metal recovery limits and throughput 
efficiency against global linear metabolism patterns. 

• Case studies on resource networks, including J&T Recycling, Showa Denko ammonia symbiosis and 
policy-enabled cycling under acts like the Containers and Packaging Recycling Act (1995) and Plastic 
Resource Circulation Act (2021). 

A cornerstone of Japan's waste management framework is the principle of Extended Producer Responsibility 
(EPR), an environmental policy approach that extends a manufacturer's responsibility for a product to the post-
consumer stage of its life cycle. EPR mandates that producers—including manufacturers, importers, and brands—
are held legally and financially accountable for the collection, recycling, and final disposal of their products.  

A key example is Japan's Containers and Packaging Recycling Act. This law establishes an EPR framework that 
legally requires producers to reclaim packaging materials, while the Home Appliance Recycling Law mandates the 
recovery of valuable metals from end-of-life products, enforcing mandatory recycling targets, for example, 80% for 
air conditioners. 

This regulatory approach directly contributes to mitigating the irreversible degradation of material utility by 
reconfiguring material flows from linear disposal to closed-loop recovery. By making producers internalise the end-
of-life cost of their products, EPR creates a powerful economic incentive for eco-design and high-value recycling, 
thereby minimising systemic entropy generation through material flow optimisation.  

3.2 Policy Mapping Framework 

To operationalise the first dimension of analysis—the evaluation of thermodynamic governance—this study first 
maps Japan's key national legislation. Each law was analysed to identify its primary mechanism for entropy 
reduction, such as setting recycling quotas, enforcing design-for-recycling, creating markets for recycled content 
and its corresponding performance metric. This mapping provides the essential macro-scale context within which 
Kawasaki's municipal-level actions are situated. The data sources for evaluating each law's outcomes are specified 
in Table 2. 
 
Table 2. Policy Mapping: Legislation, thermodynamic mechanism, and data sources  
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3.3 Data Collection and Sources   

The primary data sources consist of national and municipal government reports, environmental white papers, and 
industry-led sustainability publications from 2000-2023. To mitigate the potential bias inherent in these sources, 
data were triangulated across three streams as specified in Table 2: 

1. Official government data: Ministry of the Environment (MOE), Ministry of Economy, Trade and 
Industry (METI), and Kawasaki City reports. 

2. Industry consortium reports: Publications from the PET Bottle Recycling Promotion Council, Japan 
Containers and Packaging Recycling Association, and Plastics Waste Management Institute.  

3. Academic and third-party analyses: Peer-reviewed case studies on Kawasaki's industrial symbiosis and 
data from international databases such as UNEP and IEA were used to benchmark and contextualise 
official figures. 

Where possible, key performance indicators—such as recycling rates for specific waste streams—were cross-
validated across these sources to ensure consistency and minimise reporting bias. The empirical data underpinning 
this analysis are shown in Table 3 below. 

Table 3. Empirical Data Inventory by Analytical Dimension  
Dimension Data type Specific examples Sources

National:  Containers and Packaging Recycling Act

(1995) , Basic Act (2000),and Plastic Resource

Circulation Act (2021), among others

Ministry of Environment, (2005)

Municipal: Kawasaki’s 1972 Pollution Control

Ordinance 
Kawasaki City, (2004a)

Byproduct exchanges (JFE Plastic)

Waste-heat recovery logs (Showa Denko)

Landfill diversion reports

PET bottle-to-bottle rate: 33.7%

Home appliances and legal standards recycling rates

Virgin resource substitution: 9.1billion tonnes

Kawasaki City sustainability reports

Voluntary Action Plan for Establishing a Recycling-

Based Society - 2023 (Keidanren)

MOE waste statistics

Global context Comparative metrics
Global metabolism model (105.7 billion tonne

inputs, 9% recycling)

Circular Economy Foundation, (2024); UNDP,

(2024), Energy Institute, (2024),

Governance

Spatial-institutional
JFE Engineering, (2025), Maki, Y., (2012),

Kawasaki City(1999, 2024c)

Temporal trends

Kawasaki City, (2025), Japan Business

Federation (Keidanren), (2024), MOE,

(2021,2025)

Material flow

PET Bottle Recycling Promotion Council,

(2025); Minsitry of Environment, (2023);

Kawasaki City  (2022)

Industrial symbiosis

records

Policy documents

Performance metrics

Longitudinal data (2010-

2023)

 

3.4 Multi-Scalar Analytical Approach 

This study employs a multi-scalar analytical framework to assess how thermodynamic principles are operationalised 
across different levels of governance. To operationalise this analysis, we developed a conceptual framework (Figure 
2) that structures governance actions into three interdependent levels: macro (national policy), meso 
(municipal/industrial systems), and micro (citizen/firm behaviour). This framework guided our data collection and 
analysis and helped reveal the critical feedback loops between these levels, a key finding of this study. 
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Figure 2. The Multi-Scalar Analytical Framework 

 
Note: This model illustrates the flow of policy and the critical feedback loops between national (macro), municipal/industria l 

(meso), and citizen (micro) scales. 

Figure 2 illustrates the hierarchical, three-tiered governance model derived from the analysis of Japan's circular 
economy policies, operationalised in the Kawasaki Eco-Town. It visualises the key mechanisms and interactions 
across scales that collectively work to reduce urban resource dissipation. 

The model is structured across three primary scales: 
1. Macro-scale (national governance): This top tier represents the national policy level, which sets the 

foundational rules and strategic direction. Its key functions are: 

• Establishing de facto entropy budgets: Creating mandatory, high-level recycling targets that act as 
caps on material dissipation, for example, ~80% recovery rate for air conditioning.  

• Enacting EPR regulations: Implementing laws like the Containers and Packaging Recycling Act, 
which legally and financially obligate producers to manage their products' end -of-life. 

• Issuing Corporate Governance Codes: Providing a normative framework that encourages 
sustainable growth and long-term value creation. While not legally mandatory, these codes establish 
strong market expectations and promote corporate accountability for environmental performance 
through a 'comply-or-explain' mechanism, influencing investor and consumer sentiment.  

2. Meso-scale (municipal and industrial systems): This middle tier represents the urban and industrial 
systems that translate national policy into operational reality. Its key functions are:  

• Spatial optimisation (eco-town): Strategically clustering industries to minimise transport distances 
and facilitate the exchange of materials and energy (by-products, waste heat). 

• Fostering industrial symbiosis networks: Creating organised networks where one industry's waste 
becomes another's feedstock. 

• Providing enabling infrastructure: Developing and deploying advanced facilities, such as AI-
powered sorting centres, that are critical for achieving high-purity material recovery. 

3. Micro-scale (citizen and firm behaviour): This base tier represents the level of individual and corporate 
action where policies are ultimately executed. Its key components are: 

• High-fidelity compliance (waste sorting): The meticulous separation of waste at the source by 
citizens and businesses, which is essential for high-value recycling. 

• Co-design and innovation: Collaborative processes where citizens and firms, for example, students 
working with corporations to develop new solutions for waste reduction and management.  
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• Entropy literacy: Educational initiatives, such as the Demae Gomi School Programme, that build a 
societal understanding of material flows and irreversible degradation, fostering a culture of 
stewardship. 

Dynamic interactions: 
The model is not a static hierarchy but a dynamic system defined by two critical flows:  

• Top-down cascade (downward arrow): Represented by the "cascades policy and targets" arrow, this 
shows how macro-scale policies and mandates structure and enable actions at the meso- and micro-
scales. 

• Bottom-up feedback loops (upward arrow): Represented by the "feedback loops" arrow, this illustrates 
how successful innovations, high compliance rates, and identified system failures at the micro- and 
meso-scales provide vital information that informs and refines macro-scale policy design, creating a 
virtuous cycle of adaptive and improving governance.  

In summary, this framework demonstrates that effective thermodynamic governance is achieved not at a single 
level, but through the synergistic integration of mandatory top-down regulation, enabled middle-scale infrastructure, 
and literate bottom-up participation. 

Guided by this framework, our analysis proceeded at three distinct scales:  

• Macro-scale: Qualitative content analysis of national policy documents, for example, the Sound 
Material-Cycle Society Act, Containers and Packaging Recycling Act, was conducted to identify the 
incorporation of thermodynamic principles (entropy reduction, exergy preservation) into legislative 
mechanisms and the creation of de facto entropy budgets.  

• Meso-scale: Quantitative data on municipal and industrial performance were compiled from government 
and industry reports: material flow capacities, transport distances, and recycling rates. This data was 
used to assess the efficacy of spatial optimisation and industrial symbiosis in Kawasaki’s Eco-Town. 

• Micro-scale: Data on citizen engagement and programme outcomes—including waste generation rates, 
collection compliance metrics, and educational reach—were analysed to evaluate behavioural change 
and its impact on entropy reduction at the individual and household level. 

3.5 Cross-Scale Thermodynamic Metric 

Across all three scales, the Net Energy Recycling Ratio (NERR) was applied as a key metric for evaluating the 
thermodynamic viability of recycling processes discussed in this study. The NERR is defined as:  
NERR = E_{recycled} / E_{virgin} 
Where: 

NERR = E_{recycled} / E_{virgin} 
Where: 
E_{recycled} is the energy required to collect, sort, and process a material into a recycled feedstock.  
E_{virgin} is the energy required to produce an equivalent amount of material from virgin resources.  
For example, producing 1 kg of aluminium from virgin bauxite (E_virgin) requires approximately 218 MJ of 

energy. Producing the same amount from recycled scrap (E_recycled) requires only 10 MJ.  
NERR_{Al} = 218 MJ / 10 MJ = 21.8 
This high NERR value indicates that aluminium recycling is highly entropically favourable, saving over 95% of 

the energy required for virgin production (Stacey et al., 2015; Al-Alimi et al., 2024). Thus, a process is considered 
thermodynamically viable and entropically favourable when NERR > 1, indicating a net energy saving. For example, 
the NERR for aluminium recycling is typically ~10-15 (Padamata et al., 2021). In stark contrast, recycling critical 
materials from complex e-waste streams is often entropically prohibitive. Conventional processes for these streams 
are notoriously energy-intensive and complex (Vuppaladadiyam et al., 2023; Ghulam and Abushammala, 2023). 
This often results in an NERR falling below 1, indicating a net energy loss.  

To demonstrate this diagnostic utility: 

• Aluminium: The energy balance for aluminium is overwhelmingly positive. While primary production 
from bauxite (E_virgin) consumes 153-190 MJ/kg, recycling (E_recycled) requires only ~8 MJ/kg 
(Stacey et al., 2015; Raabe et al., 2022). This results in a NERR of approximately 19-24, making it one 
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of the most entropically favourable recycling processes and saving over 95% of the embodied energy 
(Balomenos et al., 2011; Stacey et al., 2015). 

• Silver from PV panels: The thermodynamic infeasibility of recycling silver from photovoltaic panels 
stems from a severe reconcentration penalty. While producing virgin silver from ore (E_virgin) is 
energy-intensive, the recycling process (E_recycled) is vastly more so. This is because silver, while 
accounting for ~47% of a panel's material value, constitutes less than 1% of its mass (Bošnjaković et al., 
2023). Recovering it requires the energy-intensive collection, dismantling, and multi-stage processing 
(mechanical, thermal, and/or chemical) of hundreds of kilograms of glass and polymers for just a few 
grams of silver (Marwede et al., 2013). This massive effort to reconcentrate a dissipated material results 
in an E_recycled that far exceeds E_virgin, yielding a NERR < 1. This provides a definitive 
thermodynamic explanation for both the <1% recycling rate and the current economic unprofitability of 
PV panel recycling.  

• Lithium from mixed E-waste: The recycling landscape is technology-dependent. Advanced 
hydrometallurgy for concentrated battery scrap can achieve entropically favourable outcomes with 
NERR > 2.5 (Ma et al., 2025). However, for lithium in mixed, low-concentration e-waste, conventional 
processes are prohibitive. Pyrometallurgy involves multiple high-temperature stages, with industrial 
smelting requiring temperatures >1,000°C (Ma et al., 2025), supported by various thermal treatments at 
300-700°C (Etude et al., 2021), while hydrometallurgy generates massive wastewater streams (Ma et 
al., 2025). Together, these energy-intensive processes often cause E_recycled to exceed E_virgin, 
resulting in NERR << 1 (Etude et al., 2021). This thermodynamic barrier aligns with the broader 
understanding that recycling critical metals from complex waste streams faces fundamental 
thermodynamic challenges, with recovery rates for some strategic metals remaining below 1% (Raabe, 
2023). 

While this study did not calculate new NERR values, it employed this framework and reported values from 
literature—such as NERR≈0.4 for legacy lithium recycling versus NERR>2.5 for advanced hydrometallurgy—to 
evaluate the thermodynamic viability of different recycling pathways within Japan's ecosystem.  

3.6 Methodological Scope and System Boundaries  

A critical foundation for this multi-scalar assessment of entropy reduction in complex urban-industrial systems is 
the explicit definition of methodological scope and system boundaries. This study employs a multi-scalar, city-to-
gate analytical framework to quantify the material and energy flows governing Kawasaki’s industrial metabolism. 
The system boundary is spatially delineated to include the primary facilities and infrastructure within the Kawasaki 
Keihin Industrial Zone, as well as municipal waste collection and processing systems within the city jurisdiction. 

The functional unit for analysis is defined as annual material throughput (in tonnes) and associated entropy 
reduction (quantified as avoided CO₂-equivalent emissions and virgin material displacement) for the fiscal year 
2023. This gate-to-gate boundary focuses on direct, measurable interventions within Kawasaki’s operational control, 
including: 

• Industrial symbiosis networks, for example, steam, recycled water, and waste-derived fuel exchanges 
between adjacent plants. 

• Municipal waste collection and sorting performance is governed by national laws.  

• End-of-life product recycling rates for designated streams, such as appliances and plastics  
This scope allows for a robust assessment of the local governance model’s efficacy. However, it is explicitly 

acknowledged that a comprehensive life-cycle assessment (LCA) would require expanding this boundary to include: 

• Upstream impacts: Entropy costs associated with the production of capital goods, for example, 
machinery for recycling plants and transportation of waste materials from collection points to processing 
facilities. 

• Downstream impacts: Entropy benefits or costs related to the final use of recycled materials, for example, 
the performance of recycled plastic in new products compared to virgin material.  

While these extended boundaries fall outside the primary focus of this study, their exclusion does not diminish 
the significant local entropy reduction achieved through Kawasaki’s governance model. Instead, this defined scope 
provides a clear and replicable benchmark for evaluating the operationalisation of thermodynamic principles at the 
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urban scale. Where relevant, downstream displacement factors. For example, the CO₂ emissions avoided by using 
recycled aluminium instead of virgin ore are applied based on industry-standard coefficients to calculate net entropy 
reduction, as detailed in the results. 

3.6.1 Entropy-Aware Accounting (Worked Example for PET Bottle Recycling)  

• Scenario: downcycling vs. closed-loop recycling. 
o Downcycling (Low-value loop): Transforming used PET bottles into polyester fibre for insulation 

(a lower-grade product). 
o Entropic cost (high): The material loses its functional integrity and chemical purity, representing a 

significant increase in disorder and a loss of potential future utility (high entropy generation).  
o Result: The loop eventually ends in a landfill after one or two more cycles.  

• Closed-loop recycling (bottle-to-bottle): Processing used PET into food-grade flakes for new bottles. 
o Entropic cost (lower): The process preserves the material's value and integrity, minimising disorder 

and keeping the material in a high-value state (low entropy generation). 
o Result: The loop can be repeated many more times, drastically reducing the need for virgin PET 

extraction and its associated entropic footprint. 
o Accounting: While both processes count toward a mass-based "recycling rate," an entropy-aware 

account would prioritise and incentivise bottle-to-bottle processes due to their superior entropic 
outcome. 

3.7 Result 

Kawasaki's operationalisation of Japan's multi-scalar governance framework achieved significant local entropy 
reduction, quantified through the multidimensional outcomes detailed in Table 4. The results demonstrate that 
policy-driven interventions at macro, micro, and meso scales successfully mitigated resource dissipation. The 
circular economy practices operationalised in Kawasaki represent a scalable model for mitigating the unsustainable 
global extraction of resources, which exceeds 100 billion tonnes annually. As depicted in Figure 1, the metals 
category alone accounts for 9.1 billion tonnes of this total. Within this context, Kawasaki's proven strategies for 
creating high-value material loops provide a transferable blueprint for reducing the vast global demand for virgin 
resources. However, the data also reveal critical thermodynamic trade-offs within this model, particularly in 
renewable energy and rare metal recycling, underscoring the persistent challenges of absolute entropy reduction.  
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Table 4. Operationalising Entropy Governance – Multidimensional outcomes in Kawasaki, Japan 

Scale Policy mechanism Key achievement Entropy impact

Macro
Home Appliance Recycling

Law (1998)

93% air conditioner recycling rate

(statutory standard: 80%)  (MOE, 2023)

72% CRT TVs recycling rate (statutory

standard: 55%)   (MOE, 2023)

86% LCD and plasma TVs, recycling

rate  (statutory standard: 74%)   (MOE,

2023)

92% refrigerators and freezers

recycling  rate  (statutory standard: 82%)

(MOE, 2023)

Fluorocarbon recovery: 2,542 tonnes

(AC refrigerant), 358 tonnes

(refrigerators/freezers: 132 tonnes

refrigerant & 226 tonnes insulation), 39

tonnes (washers/dryers)  (MOE, 2023)

Delayed degradation of high-energy

materials
MOE, (2023)

Micro
Small Appliance Recycling

Law (2012)

Trace metal recovery (Au, Pt) from e-

waste and ounteract dissipation of

critical resources

» Direct collection: 20,133 tonnes (62%

via retailers)

» Total processed: 85,005 tonnes

(FY2023)

→ Recycled metals: 42,927 tonnes

→ Recycled plastics: 11,948 tonnes

→ Thermal recovery plastics: 16,710

tonnes

»> 90% utilization (recycling/energy

recovery)

»0.8% landfill in 2023

METI, (2025)

Meso
Containers & Packaging

Law (1995)

 Japan's pet bottle collection rate rate

increased from 9.8% in 1997 to  >90% in

2023 (PET Bottle Recycling Promotion

Council, 2001, 2025).

Pet bottle reycling rate (85%) : 541,000

tonnes as against the sales volume of

designated PET bottles  of 636,000

tonnes  (2023)   (PET Bottle Recycling

Promotion Council, 2025)

Waste plastics effective utilization rate:

89% (2023)  (Plastic Waste Management

Institute, 2025)

 Glass bottle recycling  (72%) (2022)

Japan Containers and Packaging

Recycling Association, (2024)

 Mixed plastic packaging recycling

(65%)  (2022)

Reduced mixing entropy via EPR

(Extended Producer Responsibility)

sorting

PET Bottle Recycling

Promotion Council, (2025),

Japan Containers and

Packaging Recycling

Association, (2024)

Integrated system

outcome
Integrated framework

»89.3% material recycling (35.1 points >

Japan average)

»Kawasaki daily waste fell to

730g/person in 2023 (↓3.2% YoY;

Japan average: 851g/person) — the

steepest decline in 5 years

»Landfill leakage: Final disposal: 3.16

million tonnes in 2023  (↓6.5% YoY),

Contributing to mitigating the 9.1 billion

tonnes of global resource-intensive

economy

MOE (2021,2025); Japan

Business Federation

(Keidaren), (2024), Kawasaki

City (2025a)

 Hierarchical entropy reduction through multi-scale governance
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Table 4. Continued 

Project Partners Throughput Thermodynamic Outcome

RPF (refuse paper and

plastic fuel)

Showa Denko and J&T

Recycling ,Showa Denko's

Kawasaki Plastic Recycling

(KPR)

200 tonnes per day processing capacity

(RPF: an alternative source of energy  to

the conventional boiler fuel)

Closed-loop chemical transcoding: The

RPF manufactured by J &T Recycling is

supplies  to Showa Denko, which is used

as an energy for ammonia and hydrogen

prodction.

Showa Denko's Kawasaki Plastic

Recycling (KPR) facility processed 1

million cumulative tonnes of plastic

waste, gasifying 200 tonnes daily (60,000

tonnes/year) (Resonac Holdings, 2022)

Tsuyuguchi (2021)

70% gas boiler reduction

 2,772 tonnes of CO₂/year avoided

3 GWh electricity saved

PET bottle recycling J&T Recycling 15,000 tonnes/year flakes 60% CO₂ reduction vs virgin production Tsuyuguchi (2021)

Initiative Policy driver Performance Thermodynamic innovation

Bottle-to-bottle PET
Plastic Resource Circulation

Act (2021)

+23.7 points vs. global plastic recycling

(10%)* (Geyer, 2020)

 +4.8 points vs. US PET recycling

(28.9%) (Zhou et al., 2023)

 Higher than EU recycled content

(24%) (PRE, 2022)

High-value loop integrity preservation

Geyer, (2020); Zhou et

al.,(2023); PRE, (2022), PET

Bottle Recycling Promotion

Council, (2024)

Appliance recycling Home Appliance Law 97% recovery at J&T Copper/aluminum exergy retention Tsuyuguchi (2021)

PET lightweighting EPR Design Mandates
237,000 tonnes/year virgin PET

reduction (28.4% since 2004)
Source entropy minimization

The Council for PET Bottle

Recycling, (2024)

Metric
Ukishima/Ogishima solar

plants
PV panel material reality

Operational benefit
5,000 tonnes/year CO₂

reduction
<1% lithium/silver recycling

Concentration limits (<0.01% purity) Graedel et al. (2011); Rao and Parker, (2025)

NERR (Net Energy Recycling Ratio )

thresholds

NERR > 1: Energy-positive recycling

(thermodynamically viable)

NERR < 1: Energy deficit (net entropy

acceleration)

Policy gap Effective energy harvesting
Omitted from Small Appliance

Recycling Law
Table 1 constraints

Thermodynamic cost for

rare metal recycling
N/A

Spatial and industrial symbiosis  performance

 Policy-enabled material integrity

Graphite electrode heat

recovery

Showa Denko (Endesa X

system)
N/A Endesa X, (2025)

Rana et al., (2020)

Renewable energy trade-offs

Kawasaki City, (2016)

 
Notes: 

» Global plastic recycling (10%) represents cumulative recycling of all plastic types (Geyer et al., 2017). Regional PET metrics 

reflect distinct methodologies (recycling rate vs. recycled content). This 33.7% represents high-exergy preservation through 

closed-loop recycling – distinct from open-loop recycling counted in global plastic statistics. 

» “Effective utilisation" of waste plastics refers to material recycling (recycling into raw materials), chemical recycling (chemical 

decomposition back into raw materials), and thermal recycling (recovering and reusing thermal energy generated from waste). It 

excludes plastics that are simply incinerated or landfilled, meaning plastics used in some form of resource recovery.  

Macro-scale governance is established by national legislation that sets binding, nationwide frameworks. The 
Home Appliance Recycling Law (1998) created high statutory standards, resulting in superior recycling 
performance that consistently exceeded mandates: air conditioners (93%), refrigerators (92%), and LCD TVs (86%). 
A pivotal entropy-reducing achievement was the systematic recovery of fluorocarbons, preventing 2,939 tonnes of 
this potent greenhouse gas from dissipating into the atmosphere and directly delaying the degradation of high-
energy materials. 

Micro-scale governance addresses entropy at the level of individual products and consumer behaviour. The Small 
Appliance Recycling Law (2012) mitigates the dissipation of critical trace metals from highly dispersed waste 
streams. In FY2023, the system processed 85,005 tonnes of e-waste, achieving a 90% utilisation rate through 
material and energy recovery, with less than 1% landfilled. This efficient capture of precious metals such as Au 
(gold) and Pt (platinum) from complex waste streams directly counteracts the entropy inherent in resource 
dissipation. 

Meso-scale outcomes emerge from the implementation of macro-scale policies within specific industrial and 
municipal systems. The national Containers and Packaging Law (1995), through its EPR mandates, enabled meso-
scale innovation by reducing mixing entropy via advanced sorting. This created the high-purity material streams 
necessary for industrial symbiosis, exemplified by an 85% PET bottle recycling rate and an 89% effective utilisation 
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rate for waste plastics (Council for PET Bottle Recycling, 2024). These outcomes are documented in the high-value 
industrial symbiosis projects within eco-industrial parks as witnessed in Kawasaki's eco-town. 

The integrated outcome of this multi-scalar governance is empirically visible in Kawasaki's metabolic 
performance: The integrated outcome of this multi-scalar governance is empirically visible in Kawasaki's metabolic 
performance. Between 2020 and 2023, the city achieved a 10.7% reduction in total waste generated, cutting it from 
44,578 tonnes to 40,165 tonnes (Kawasaki City Environmental Bureau, 2025a). This progress occurred despite a 
rising population, demonstrating a critical decoupling of waste generation from economic activity (Kawasaki City 
Environmental Bureau, 2025a, Kawasaki Heavy Industries, 2024), This progress is underscored by a consistently 
high material recycling rate of approximately 97-98%, which has driven a staggering 77% reduction in landfill 
disposal over the same period (Kawasaki City Environmental Bureau 2025a, Kawasaki Heavy Industries, 2024). 
This decoupling of waste from population growth culminated in a per-capita waste output of just 730g/day in 2023 
(↓3.2% YoY) (Kawasaki City 2025a). This performance, significantly exceeding the national average of 
851g/person/day, directly contributed to a 6.5% reduction in landfill disposal, demonstrating a highly effective 
transition towards a circular system. 

This governance framework directly enabled Policy-Induced Industrial Symbiosis, transforming waste streams 
into valuable inputs. Projects like the RPF (Refuse Paper and Plastic Fuel) partnership between Showa Denko and 
J&T Recycling establish closed-loop systems, converting waste into chemical feedstocks and avoiding substantial 
CO₂ emissions. Illustrating this, the graphite electrode heat recovery project at Showa Denko avoids 2,772 tonnes 
of CO₂ annually (Endesa X, 2025). These symbioses exemplify practical "thermodynamic innovation," preserving 
material exergy and integrity, as evidenced by the 97% material recovery rate from appliances at J&T Recycling 
(Tsuyuguchi, 2021). 

However, these successes underscore a critical thermodynamic paradox. While initiatives like the 
Ukishima/Ogishima solar plants offer operational CO₂ reduction benefits, they incur a significant, often 
unaccounted-for, entropy cost upstream and downstream. The recycling of critical materials from photovoltaic 
panels, such as silver and lithium, is plagued by extreme thermodynamic inefficiency due to their ultra -low 
concentrations (purity <0.01%), as quantified in Section 3.4.1. This material dissipation results in a Net Energy 
Recycling Ratio (NERR) consistently below 1, signifying a net energy deficit. Consequently, the recycling process 
itself inadvertently accelerates entropic degradation—a fundamental thermodynamic cost that remains unaccounted 
for and externalised within current policy frameworks like the Small Appliance Recycling Law.  

In conclusion, Kawasaki’s multi-scalar governance framework has proven highly effective in reducing entropy 
associated with high-volume, bulk material flows (plastics, appliances, packaging). Its success is quantified through 
superior recycling rates, innovative industrial symbiosis, and drastically reduced landfill use. The paramount 
challenge that now remains is addressing the next frontier of entropy governance is to overcome the thermodynamic 
limits and policy gaps related to the dissipation of critical, low-concentration materials essential to modern 
renewable and digital technologies. 

3.6 Limitations  

This research presents several limitations that should inform the interpretation of its findings.  

• As an in-depth case study, the generalizability of findings is constrained by Japan's unique context. The 
system's success is deeply embedded within specific socio-cultural norms, an advanced industrial base, 
and a distinct policy history—factors that may not be readily replicable in all international contexts. For 
instance, developing economies in Southeast Asia may lack the same sophisticated waste infrastructure, 
high levels of entropy literacy, or history of stringent environmental policy, presenting significant 
barriers to implementing this specific model. 

• Cultural and contextual dependencies: Japan's high public compliance with complex waste-separation 
rules is rooted in the culture of collective responsibility and meticulousness. The power of this cultural 
norm is that it drastically reduces the need for, and cost of, social enforcement. Furthermore, the specific 
history of environmental crisis, for example, the pollution diseases of the 1960s/70s that catalysed 
Japan's stringent environmental policy action, is not a universal experience.  

• Industrial dependencies: Kawasaki's success is predicated on a pre-existing, dense, and diverse industrial 
base (Keihin Industrial Zone) that allows for the symbiotic exchange of materials and energy. Cities 
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without this specific industrial typology would struggle to replicate the meso-scale symbiosis projects 
that are central to their entropy reduction.  

• Data limitations: The heavy reliance on government and industry-reported data presents a potential 
source of positive bias, as independent audits for some performance indicators are unavailable. 
Furthermore, the analysis is constrained by the scope, methodology, and reporting standards of the 
underlying data sources. 

3.7 A Roadmap for Transferability  

To aid in extrapolating insights from this case study, the following table distinguishes the transferable principles 
from the context-specific elements, addressing the core limitation of generalisability.  

While the Kawasaki model offers valuable insights, its direct transferability is constrained by significant 
contextual dependencies. Table 5 distils the core findings on the transferability of Kawasaki's governance model, 
distinguishing between universal principles and context-specific factors. The analysis demonstrates that the specific 
Japanese legal instruments and their unique socio-industrial context are not directly exportable. However, the 
underlying principles—multi-scalar alignment, EPR, thermodynamic prioritisation via NERR, and a systemic focus 
on loop integrity—provide a robust blueprint for other cities. 

Crucially, the table highlights that the principle of EPR can be applied anywhere, but its success depends on 
adapting it to local realities, such as existing infrastructure and cultural norms of compliance. Similarly, the goal of 
preserving material value ('loop integrity') is universal, but the optimal pathway to achieve it—whether through 
mechanical recycling or waste-to-energy— depends on local conditions, such as the carbon intensity of the energy 
grid.  

Table 5. Transferability of Multi-Scalar Entropy Governance Frameworks 

What is transferable (Principles) What is context-dependent (Specifics)

The Multi-scalar governance principle: The

conceptual framework of aligning macro (national

law), meso (industrial symbiosis), and micro

(firm/citizen action) interventions.

The specific legal acts: The Home Appliance Recycling Law

or the Containers and Packaging Recycling Act. Other

regions must develop their own legal instruments.

The value of EPR Schemes: The principle of

Extended Producer Responsibility to internalise

waste management costs and incentivise eco-design.

The cultural compliance model: The high degree of citizen

adherence to complex sorting rules without high

enforcement costs.

The metric of NERR: Using the Net Energy Recycling

Ratio to evaluate the thermodynamic viability of

recycling processes.

The industrial landscape: The specific, dense network of

heavy and chemical industries in Kawasaki.

The systems approach: Analysing urban material

flows as a systemic whole to identify key leakage

points for policy intervention.

The existingi infrastructure: Japan's well-developed, private-

sector-led collection and processing infrastructure.

The Policy Goal of "Loop Integrity": Designing

systems to keep materials in high-value loops such

as  bottle-to-bottle recycling.

The energy grid mix: The thermodynamic benefit of waste-

to-energy depends on the carbon intensity of the local

energy grid it displaces.  

4. JAPAN’S LEGISLATIVE EVOLUTION: A POLICY FRAMEWORK FOR ENTROPY REDUCTION  

Japan's transformative journey toward institutionalising thermodynamic awareness represents a paradigm shift in 
urban environmental governance. This transition began with the 1950s–70s pollution crises that exposed the 
devastating entropy costs of unregulated growth. Japan's rapid postwar industrialisation came at severe 
environmental costs, epitomised by the 'Big Four' pollution diseases (1956-1964) - Minamata mercury poisoning, 
Niigata Minamata disease, Itai-itai cadmium poisoning, and Yokkaichi asthma (Awang et al., 2017; Nagano, 2018). 
Industrial contamination in Dokai Bay, Yahagi River, and Teshima Island, alongside urban waste crises in Tokyo 
and Nagoya, exemplified the thermodynamic externalities of unchecked growth. This was evident in the national 
per capita municipal waste, which surged 49% from 693g to 1,033g/person/day between 1965 and 1975 (MOE, 
2005a). 

This environmental catastrophe spurred landmark responses that established the foundation for Japan's entropy-
aware governance system. Japan's response began with a new institutional and legal framework. This included the 
establishment of the Environmental Agency in 1972 (later upgraded to a Ministry), the enactment of the Waste 
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Management Act in 1970 (with subsequent revisions in 1976, 1991, and 1997), and complementary recycling laws. 
In parallel, the government and civil society established the physical and cultural foundations for this transition. 
Key initiatives included the designation of pioneering "clean recycling towns" (MOE, 2014) and the introduction 
of waste management education into elementary school curricula in the 1970s (Hanashima, 2024).  

Japan's approach to institutionalising resource circulation has not been static; it has evolved through three distinct 
phases, each layering new sophistication onto the existing framework. The foundational phase (1995-2000), for 
instance, established the core principle of Extended Producer Responsibility (EPR) through the Containers and 
Packaging Recycling Act (1995). This law targeted high-volume waste streams and operated under the visionary 
umbrella of the Basic Act for a Sound Material-Cycle Society. 

This was followed by an expansion phase (2000-2012), which addressed more complex and challenging waste 
categories, such as construction debris and food waste. This required the development of advanced logistics and 
recycling technologies. The current integration phase (2012-present) represents a shift towards holistic, full-
lifecycle management. This is exemplified by the Plastic Resource Circulation Act, which aims to design waste out 
of the system at the product stage, and the Act on Food Loss Reduction, which tackles the social and behavioural 
drivers of waste. Overall, this evolution reflects a deepening understanding of waste management. The focus has 
moved from merely controlling outputs to managing the entire metabolic system of material flows—a progression 
that inherently aligns with the thermodynamic principle of entropy reduction.  

Following the 1991 Act revision, Tokyo pioneered municipal symbiosis by establishing the multi-stakeholder 
Tokyo Waste Council. This council coordinated city-wide 3R initiatives, such as recycling bazaars and reuse 
campaigns, and leveraged mass mobilisation through efforts like the "TOKYO SLIM" campaign and annual Waste 
Meetings (Clean Authority of Tokyo, 2018). Building on this groundwork, the Tokyo Super Eco-Town was launched 
in 2002 as a state-backed industrial ecosystem. Its purpose was to repurpose waste into resources via advanced 
recycling and energy recovery, advancing the goal of a zero-emission society (TMG, 2019). In parallel, 
municipalities across Japan established community-rooted recycling centres and plazas. These facilities were 
dedicated to repairing, redistributing, and exchanging end-of-life goods, fostering circularity at the local level (MOE, 
2014). 

Collectively, these evolving initiatives progressively led to a complementary legislative framework governing 
resource flows, as detailed in Table 6. Each law targeted specific thermodynamic inefficiencies across industrial 
and urban metabolism. This national framework provided the essential 'rules of the game' that enabled Kawasaki's 
local innovations. For instance, the EPR mandates in the Home Appliance and Containers & Packaging laws created 
the economic incentives and material flows that made industrial symbiosis projects—like the RPF plant—viable. 
Furthermore, the national recycling targets set a performance benchmark that Kawasaki's system was designed to 
exceed, as demonstrated in Section 3.5 (Table 4). Thus, the national macro-scale governance directly structured the 
possibilities for action at the meso- and micro-scales, enabling Kawasaki’s application of the principle of entropy 
reduction. 

The sophistication of Japan's entropy governance lies in a multi-scalar legislative framework. As Table 5 outlines, 
the universal principles of this framework (like EPR and multi-scalar alignment) are its transferable core. 
Meanwhile, Table 6 demonstrates how Japan applied these principles through a sequence of specific, outcome-
driven laws that achieved high material recovery rates, proving the framework's real-world efficacy. 

As detailed in Table 6, Japan's legislative framework exhibits a strategic evolution, consciously designed to build 
system capacity over time. It began by establishing a foundational philosophy and shared terminology with the 
Basic Act for a Sound Material-Cycle Society (2000), which created a unifying vision for all subsequent laws. The 
government then sequentially introduced strict Extended Producer Responsibility (EPR) schemes, targeting high-
volume, technically feasible waste streams first—such as containers and packaging and home appliances—to build 
recycling infrastructure and public compliance. This laid the groundwork for later laws addressing more complex 
waste, like construction debris and food waste, culminating in holistic, lifecycle-focused laws such as the Plastic 
Resource Circulation Act. This phased approach, moving from foundational to specific and from simple to complex, 
has collectively driven the high rates of material recovery documented in the table.  
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Table 6. Legislative Strategies for Waste Reduction and Resource Circulation in Japan 
Legislation (Year) Key objectives Core strategies & requirements Targets & outcomes

Hierarchical waste management: Prevention

→ Reuse → Recycling → Disposal.

Defines roles for government, businesses,

and citizens.

Aligns with other recycling laws.

Mandatory recycling for businesses (glass,

PET, paper, plastic).

Consumer sorting + municipal collection.

Extended Producer Responsibility (EPR) for

manufacturers.

Manufacturers must meet recycling targets

(55–82% by product).

 Retailers handle collection/transport.

Consumers pay recycling fees (¥1,000–¥6,000

per item).

Mandatory sorting/recycling for projects >80

m² (demolition) or >500 m² (new

construction).

95% recycling target for

concrete/asphalt/wood by 2010.

Zero landfill waste for government projects

by 2005.

Collaboration among producers,

transporters, and recyclers (2M tons/year).

Methane fermentation for biogas/power

generation.

Regional systems (for example,  pork feed

from waste).

"One-third rule" reform: Extended delivery

deadlines.

Food banks (273+ organizations)

Consumer campaigns, for exmaple,

"Temaedori" for near-expiry products.

288 Designated items such as  recycled paper

and energy-efficient appliances.

(minimum).

Two-tier criteria: "Reference Value 1" (high

standard) vs. "Reference Value 2"

Annual reporting by agencies.

28 categoriessuch as phones, laptops and

cameras.

Municipal collection points

Manufacturers fund recycling.

Basic Act for Sound

Material-Cycle Society

(2000)

Establish a sustainable society by

reducing waste and promoting

resource efficiency.

Framework for all subsequent recycling laws; no

specific numeric targets.

Containers & Packaging

Recycling Law (1995)

Reduce household waste (60% of

total) and improve material

recovery.

Recycling rates: ~85% for PET bottles, ~90% for

steel/aluminum cans (as of 2023).

Home Appliance

Recycling Law (1998)

Recycle TVs, refrigerators,

washing machines, and air

conditioners to recover

metals/parts.

2023 rates: 80% for refrigerators and 75% for TVs.

Construction Material

Recycling Law (2000)

Address landfill shortages (20% of

industrial waste) and illegal

dumping (70%).

Achieved 95% recycling for concrete; wood recycling

remains at 70%.

Food Waste Recycling

Law (2000)

Reduce food waste via recycling

loops for feed, fertilizer, and

energy.

93% recycling rate for industrial food waste (2022).

Act on Food Loss

Reduction (2019)

Halve commercial food waste by

2030 (vs. 2000) and reduce

household waste.

2022: 4.72M tonnes total FLW (down 45% since

2000). Target: 2.73 million tones by 2030.

Small Appliance

Recycling Law (2012)

Recover metals (gold, copper, etc.)

from small electronics.

50% collection rate for mobile phones (2023); targets

rare metal recovery.

»Systemic lifecycle management through "3R +

Renewable” framework: (a) Mandatory recycling

plans for all entities (municipalities, businesses,

consumers), and (b)  Certification scheme for eco-

design, for example, mono-material packaging

» Manufacturers/retailers: develop

collection/recycling plans for used products

» Waste generators: Mandatory recycling plans

» Retailers: charge for single-use bags »

Municipalities must collect/sort all plastic waste

»Reduce single-use plastics by 25%

» Reuse/recycle 60% of containers/packaging

2050 Target:

»100% effective utilization (reuse/recycling/energy

recovery)

Plastic Resource

Circulation Act (2021)

»Combat marine pollution and

climate change via full plastic

lifecycle governance.

»Drive circular product design and

waste reduction.

Green Procurement Act

(2000)

Drive market demand for eco-

friendly goods through public

procurement.

95% compliance rate for targeted items (2025).

 
Source: MOE (2014, 2005, 2023); METI (2009), Higuchi and Norton (2008); Plastic Waste Management Institute (2022), 

Osamu (2022), Tsuji (2024) 

4.1 Macro-scale Governance: National EPR Framework (Focus: Laws and National Metrics)  

This section presents results driven by national legislation, showcasing Japan-wide data. Japan's entropy-aware 
governance crystallised with the Containers and Packaging Recycling Act (1995). Critically, the law established the 
principle of extended producer responsibility (EPR) as the cornerstone of Japan's waste management framework 
(Aya, 2017). This landmark legislation mandated producers reclaim packaging materials—glass, PET, and paper—
reconfiguring material flows from linear disposal to closed-loop recovery. The law operationalised three 
foundational ecological economics principles: 

1. Georgescu-Roegen’s entropy law as the thermodynamic bedrock, acknowledging the irreversible 
degradation of material utility in economic systems; 

2. Daly’s steady-state economy by decoupling economic growth from virgin resource extraction through 
cost-internalising producer fees; 

3. Industrial metabolism principles by structuring producer-managed cycles to minimise systemic entropy 
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generation via material flow optimisation. 
This law is the macro-scale "rules of the game" that serves as the cornerstone of Japan's waste management 

framework. It engineered a shared responsibility system, assigning distinct entropy management roles:  
 Producers: Operationalise Extended Producer Responsibility (EPR) by tackling entropy across the 

product lifecycle. Their role is dualistic: (i) to prevent entropy creation at the design stage through 
simplified, mono-material packaging, and to mitigate entropy at the end-of-life stage by financing, and 
(ii) managing the collection and high-value recycling of packaging and appliances. This shifts the 
economic model from linear disposal, where materials are dissipated, to closed-loop recovery, where 
material value is conserved (JCPRA, 2025). 

 Consumers: Preserve material exergy—the usable energy and quality embedded in materials—via 
disciplined source separation. This involves a precise sequence of pre-disposal actions to minimise 
contamination entropy (the disorder introduced by mixed or dirty waste streams), which is critical for 
maintaining high-value recycling loops. 

 The standardised protocol for PET bottles, a model of high-fidelity separation, includes: 
o Pre-cleaning: Removing caps and labels, followed by rinsing the bottle.  
o Volume reduction: Crushing or denting the bottle to optimise storage and transport efficiency.  
o Temporary storage: Storing prepared materials separately until the designated disposal day to 

prevent re-contamination. 
o System-compliant disposal: Depositing the prepared bottles at official municipal collection points 

or returning them to dedicated supermarket collection containers, directly feeding into the formal 
recycling stream. This disciplined practice transforms citizens from passive waste generators into 
active agents of entropy reduction, directly impacting the thermodynamic efficiency of the 
downstream recycling process (Dilixiati et al., 2024). 

 Municipalities: Serve as the critical linchpin in the waste hierarchy, directly controlling degradation 
entropy. They translate national policy into local action by operating the collection infrastructure and 
enforcing high-purity sorting protocols. By investing in advanced processing, they transform mixed 
municipal waste into segregated, high-quality material streams. This preserves material exergy and 
ensures entry into closed-loop recycling, avoiding downcycling or landfilling (JCPRA, 2024).  

4.1.2 Operational Shift: Entropy -Aware Material Metabolism 

The key achievements of Japan's tripartite EPR framework are demonstrated by the latest national data, which 
shows accelerated progress in entropy control: 

a. Systemic circular efficiency gains 
 Over the 30-year period from 1993 to 2023, the waste recycling rate saw a remarkable increase, climbing 

from a baseline of 8.0% (Ministry of Health and Welfare Information, Former, 1996) to reach 19.5% 
(MOE 2025), reflecting a sustained effort in waste management and resource recovery. According to the 
Council for PET Bottle Recycling (2001, 2011, 2024), the collection rate for PET bottles surged from a 
baseline of 9.8% in 1997 to 34.5% in 2000, eventually reaching more than 93% in 2023 —a nearly 
tenfold increase following the implementation of the Containers and Packaging Recycling Law (EPR 
framework). This was achieved alongside a 3.4% reduction in total waste generation to 38.97 million 
tonnes. This signals a successful decoupling of economic activity from resource throughput (MOE 2025).  

b. Material-specific entropy reduction: 
 A clear thermodynamic hierarchy of recyclability is observed. Mono-materials achieve high circularity 

(PET bottles: 85%; glass bottles: 72%) (Council for PET Bottle Recycling, 2024; Japan Containers and 

Packaging Recycling Association, 2024), while composite materials face greater entropy challenges (mixed 
plastic packaging: 65%) (JCPRA, 2024). This performance differential mirrors fundamental 
thermodynamic limits, where easily separable materials resist entropy dispersion more effectively than 
complex composites. 

c. Landfill entropy reduction  
 Japan’s waste system exhibits accelerated entropy control. Total waste generation fell 3.4% to 38.97 

million tonnes in FY2023, while per capita waste disposal decreased by 3.2% from 880 grams in FY2022 
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to 851 grams in FY2023 (MOE, 2025). This was accompanied by a dramatic 6.5% reduction in landfill 
disposal, diverting waste from the highest-entropy endpoint and reducing landfill volume to 3.16 million 
tonnes (MOE, 2025). Consequently, the national landfill rate fell to a mere 0.8%, achieving a 99.2% 
waste reduction rate through recycling and energy recovery. This signifies a near-complete closure of 
linear leakage pathways (MOE, 2025). 

 

By assigning differentiated entropy functions—prevention (producers), degradation control (municipalities), and 
exergy preservation (consumers)—this system transforms linear waste flows into conserved material value. The 
integrated approach demonstrates how thermodynamic principles can be operationalised across socio-technical 
systems to reduce planetary entropy accumulation. 

However, the efficacy of this approach is bound by persistent thermodynamic and infrastructural limits. Despite 
its successes, Japan's packaging recycling system now confronts these thermodynamic limitations. As Table 7 
demonstrates, national recycling rates plateaued near 20% (19.5–20.6%) from 2012 to 2023 despite rigorous EPR 
enforcement, revealing three critical entropy barriers: 

1. Accelerated waste stream reduction: Collected packaging waste decreased by 47% (from 2.65 million 
tonnes in 2012 to 1.40 million tonnes in 2023), reflecting consumption pattern shifts toward lightweight 
packaging (Council for PET Bottle Recycling, 2024). 

2. Recycling efficiency stagnation: Despite policy enforcement, recycling rates fluctuated marginally 
within a 1.1 percentage point band (19.5–20.6%), failing to surpass the 20% threshold after 2013 
(Council for PET Bottle Recycling, 2024). 

3. Thermodynamic infrastructure ceiling: While direct recycling remained stable (1.82–2.12 million 
tonnes/year), intermediate processing volumes plateaued (4.41–4.76 million tonnes), exposing 
mechanical sorting's diminishing returns (Council for PET Bottle Recycling, 2024).  

Table 7. Thermodynamic Limits in Packaging Recycling: Annual trends under Japan’s EPR framework (2012–2023) 
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Collective collection amount

(million tonnes)
2.65 2.58 2.50 2.39 2.27 2.17 2.06 1.91 1.64 1.59 1.51 1.40

Amount recycled after (million

tonnes) intermediate processing
4.50 4.57 4.55 4.58 4.56 4.57 4.60 4.61 4.76 4.67 4.51 4.41

Direct recycling amount (million

tonnes)
2.12 2.12 2.08 2.03 1.96 1.94 1.89 1.88 1.92 1.89 1.88 1.82

Recycling rate (%) 20.5% 20.6% 20.6% 20.4% 20.3% 20.2% 19.9% 19.6% 20.0% 19.9% 19.6% 19.5%  
Source: Council for PET Bottle Recycling, 2024  

This stagnation reveals infrastructure barriers to further entropy reduction. This stagnation reveals fundamental 
constraints in current infrastructure: conventional mechanical sorting technologies have reached their effectiveness 
threshold, unable to economically process increasingly complex multi-layer laminates in modern packaging. The 
solution space requires next-generation interventions—particularly AI-driven optical sorting and hyperspectral 
imaging—to achieve the necessary material purity levels while managing energy entropy costs. This technological 
transition represents the next frontier in Japan's quest to balance material circularity with thermodynamic realities. 

4.1.3 Home Appliance Recycling Law (1998): Entropy Reduction Strategy: 

As a cornerstone of Japan’s macro-scale environmental governance, the Home Appliance Recycling Law (1998) 
operationalises entropy reduction (Graedel et al., 2011) by intervening across the entire product lifecycle. Its central 
challenge is to delay this entropic degradation. This process of designing systems to minimise disorder is known as 
entropy reduction, which specifically aims to plug points of entropy leakage. The term “entropy leakage” refers to 
the inevitable loss of useful energy and matter into a disordered, unrecoverable state, such as landfill waste, 
contaminated recycling streams, and heat dissipated into the atmosphere.  

The law’s thermodynamic efficacy is driven by two core mechanisms that align with Georgescu-Roegen’s 
principles: 

 Maximising functional utility by legally enforcing high recycling rates (55–82%) for recovered metals, 
for example, copper coils in refrigerators and steel chassis in washing machines (METI, 2009; 2025).  

 Postponing entropy acceleration, which aligns with Georgescu-Roegen’s principle by maximising 
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product longevity before recycling, and thereby delaying the inevitable entropy surge from reprocessing. 
Implementation is achieved through robust macro-scale mechanisms: 

 Manufacturer take-back systems: Ensure controlled entropy pathways for end-of-life appliances. 
 Consumer fees (EPR Principle): Internalise the thermodynamic costs of reversing material dissipation 

(disassembly, sorting, purification), functioning as calibrated entropy tariffs (METI, 2022; METI and 
MOE, 2018). For instance, Panasonic's entropy-internalised fees under this system range from ¥990 for 
air conditioners to ¥4,730 for large refrigerators, scaling with the thermodynamic costs of reversing 
material dissipation for each appliance type (Association for Electric Home Appliances, 2025).  

 Thermodynamic efficacy and market creation. 
The consumer fees function as calibrated entropy tariffs, internalising both financial and thermodynamic costs 

of reversing material dissipation (disassembly, sorting, purification). The fees directly fund high -yield formal 
recycling operations, exemplified by facilities like the Panasonic Eco Technology Centre (PETEC). Since 2001, 
PETEC has recycled over 20 million appliances, recovering approximately 370,000 tonnes of iron, 58,000 tonnes 
of copper, and 32,000 tonnes of aluminium (Panasonic Group, 2025).  

4.1.3 Empirical Validation 

The law's success is empirically validated as formal recyclers systematically exceed statutory recycling standards 
across all appliance categories (see Table 8), demonstrating scalable entropy reduction through policy -enabled 
market mechanisms. 
Table 8. Home Appliance Recycling Rates vs. Statutory Standards (2019-2022) 

2019 2020 2021 2022

Air conditioner  (statutory standard: 80%) 92% 92% 92% 93%

CRT television (statutory standard: 55%) 71% 72% 72% 72%

LCD/plasma TV (statutory standard: 74%) 85% 85% 85% 86%

Electric refrigerators and freezers (statutory standard: 70%) 80% 81% 80% 80%

Electric washing machine/clothes dryer (statutory standard: 82%) 91% 92% 92% 92%

Home appliances and statutory standards recycling rates
Recycling rates

 
Source: MOE, 2023b 

The effectiveness of the Home Appliance Recycling Law is demonstrated by consistently high performance 
against statutory targets. As shown in Table 8, recycling rates for all major home appliances have not only met but 
significantly exceeded legal standards every year from 2019 to 2022, with air conditioners and washing machines 
maintaining rates above 90%. 

These outcomes strategically counter high-entropy informal pathways characterised by hazardous dismantling, 
material dissipation, and environmental contamination. The consistent outperformance shown in Table 8 (2019-
2022) validates the industrial ecology alignment: closed-loop material cycling achieves an estimated 13–17% 
reduction in entropy generation compared to unmanaged disposal (Section 3.5, Table 4). This hierarchical focus – 
optimising bulk recovery while capturing trace emissions – demonstrates scalable entropy reduction through policy-
enabled market mechanisms. 

4.2 Small Appliance Recycling Law (2012)  

The Small Appliance Recycling Law (2012) represents a unique macro-scale policy intervention aimed squarely at 
a micro-scale entropy challenge. This law strategically counters dissipation entropy in fragmented waste streams 
(Terazono, 2013) through urban mining of trace high-exergy metals (gold, platinum) from 28 electronics categories 
(Graedel et al., 2011).  

This process prevents irreversible entropy gain—the thermodynamic point at which dispersed materials and 
energy become permanently unrecoverable—by achieving a 95% saving in embedded energy through recycling. 
For example, recycling metals like aluminium can save ~95% of the embodied energy, as shown in Section 3.4.1 
(Al-Alimi et al., 2024).  

The implementation framework centres on optimising resource flows through two key systems:  
 Municipal collection systems will consolidate dispersed waste streams, reducing spatial entropy by 

concentrating materials for efficient processing.  
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 Complementing this, material passports will utilise IoT technology to track the real-time entropy state 
of specific components, such as lithium batteries, enabling precise monitoring and management of 
material degradation and recovery potential throughout their lifecycle. 

4.2.1 Containing Entropy: Challenges and Performance  

Municipal collection systems struggle against waste's natural tendency to disperse ("spatial entropy"). Despite 
efforts to consolidate diffuse streams, micro-scale dispersal caused 2023 collections to reach only 61.7% (86,410 
tonnes) of the 140,000-tonne target (METI, 2025). This highlights an opportunity to strengthen Extended Producer 
Responsibility (EPR) frameworks, where developing clearer industry accountability mechanisms could 
significantly improve entropy containment. 

As shown in Figure 2, Small Appliance Law (2012) initially succeeded in reversing entropy: e -waste recovery 
surged from 23,971 tonnes (2013) to a peak of 102,489 tonnes (2020). However, the system has since approached 
equilibrium with diminishing returns—recovery plateaued near 86,410 tonnes (2023) (METI, 2025, Figure 3). This 
signals that current containment efforts are being overwhelmed by persistent dispersal forces.  
Figure 3. Japan's Annual E-Waste Recovery vs. National Target (2013–2023) 

 
Source: METI, 2025.  

4.2.2  Thermodynamic Efficiency Analysis: Home Appliance (1998) vs. Small Appliance (2012) 
Laws 

This analysis highlights a critical divergence in efficacy based on governance scale and material tractability. Japan’s 
Home Appliance Recycling Law (1998) exemplifies successful macro-scale governance, achieving a 93% air 
conditioner recycling rate by targeting bulk material recovery. This law strategically delays entropy through high-
volume metal and fluorocarbon reclamation, enforcing strict, manufacturer-funded Extended Producer 
Responsibility (EPR). In stark contrast, the Small Appliance Recycling Law (2012) targets micro-scale entropy, 
achieving only 61.7% of its target of 140,0000 tonnes in 2023 as shown in Figure 3 above.  

As Table 9 details, this divergence is fundamental: 
 The 1998 macro-scale framework counters temporal degradation through centralised, financed EPR, 

achieving an estimated 13–17% entropy reduction by optimising high-purity bulk streams like copper 
coils. 

 The 2012 system struggles against spatial dissipation due to its reliance on voluntary municipal 
collection mechanisms. The prohibitive costs of recovering trace metals (<0.01% purity) render 
consumer fees thermodynamically and economically inadequate, resulting in a 38.3% collection gap. 

This comparison illustrates a core principle: the effectiveness of entropy pricing is highly material-selective. 
Macro-scale EPR is highly effective for tractable, bulk material streams but remains insufficient for governing 
micro-waste streams that approach thermodynamic floors of recyclability. 
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Table 9. Divergent Entropy Outcomes in Producer Responsibility Regimes: bulk vs. trace material recovery 

Dimension Home Appliance Law (1998)

Spatial scale Macro (bulk components)

Entropy type
Temporal degradation (Georgescu-Roegen

principle)

Governance Strict EPR: Manufacturers fund recycling

Success metric 93% material recovery (air conditioners) 

Law Material focus Thermodynamic efficiency gain Barriers

Home Appliance (1998) Bulk metals, fluorocarbons 13–17% entropy reduction vs. landfills
Contamination from informal

recycling

Small Appliance (2012) Precious/trace metals
95% exergy preservation (for example,

recycled aluminium)

Low collection density; no EPR

pricing

Entropy reduction performance

Micro (trace materials)

Spatial dissipation (Graedel’s material dispersion)

Voluntary: Municipalities lead collection

86,000 tonnes e-waste recovered (61.7% of target) 

Small Appliance Law (2012)

Comparative analysis: Thermodynamic efficacy

 

4.3 Policy Imperative: Integrating Macro-Scale Governance for Micro-Scale Challenges 

The persistent gap in the Small Appliance Recycling Law’s performance reveals that micro-scale dissipation cannot 
be solved with voluntary or municipal-level (meso) efforts alone. To transcend these micro-scale barriers, Japan 
must apply robust macro-scale governance principles through pioneering institutional innovations, such as:  

 Mandated municipal-corporate partnerships: Formalise pathways for high-exergy materials such as rare 
earths from phones through national policy, moving beyond voluntary schemes.  

 National standards for IoT material passports: Implement a universal system to track the entropy state 
and composition of critical components, such as lithium batteries, across their lifecycle.  

 An entropy innovation fund: Legislate the redirection of 5–7% of fees from successful macro-scale bulk 
streams, for example, from the Home Appliance Law, to subsidise R&D such as robotics and bioleaching, 
targeting micro-scale thermodynamic floors. 

Japan’s progression—from 1970s pollution controls to the entropy-informed macro-scale EPR of the Home 
Appliance Recycling Law—proves the institutional viability of aligning economics with biophysical constraints for 
tractable waste streams. The 2012 law’s gap, however, underscores the next frontier: using macro-scale policy 
innovation to transcend thermodynamic ceilings for complex, dissipative materials. This requires operationalising 
a national thermodynamic ceiling into enforceable policy, effectively creating a binding "entropy budget" for the 
most challenging material flows. The thermodynamic ceiling is defined as a regulatory cap on the amount of entropy 
(disorder/waste) that a system is allowed to produce. It's the operationalisation of an "entropy bu dget" into an 
enforceable policy limit. 

 

5. OPERATIONALISING THERMODYNAMIC GOVERNANCE: KAWASAKI’S MESO -SCALE 

METABOLISM TRANSFORMATION  

5.1 Conceptual Framework and Historical Context: The Meso -scale Laboratory  

Industrial metabolism transformation is defined as a measurable shift from a linear, open-system flow of materials 
(extract-use-dissipate) to a circular, semi-closed system. In this transformed system, waste outputs are 
systematically redesigned as inputs, thereby reducing the net extraction of virgin resources and the leakage of 
disordered waste. 

While Japan’s national recycling laws established a robust macro-scale framework, their operational efficacy is 
most vividly demonstrated at the municipal scale. Strategically positioned in Tokyo Bay, Kawasaki (144.35 km²) 
provides a quintessential meso-scale case study of Japan’s postwar industrial rise—and its environmental cost. As 
steel mills (JFE), petrochemical plants, and electronics factories (Toshiba, Fujitsu) reclaimed coastal land through 
the 1970s (Tsuyoshi, 2009), the city gained notoriety as Japan’s most polluted metropolis: skies choked by smog, 
waterways toxified, and respiratory illnesses epidemic (Fukahori, 2023; Kawasaki City, 2024b). The 1972 Kawasaki 
Pollution Lawsuit became a critical socio-thermodynamic inflection point, forcing polluters to install continuous 
emissions monitoring and catalysing a long-term commitment to systemic reform. 
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5.2 Quantifying Metabolic Transition: From Linear Disposal to Circularity  

Consequently, the scale of Kawasaki's metabolic transformation is quantified by its historical trajectory. Prior to its 
systematic circular economy policies, the city's system was defined by high-volume linear disposal. Data shows 
that in FY 2003, per-capita waste generation stood at 1,308 g/person/day, while the recycling rate remained low at 
0.11 million tonnes (mt) annually, necessitating the incineration of 0.5 million tonnes of waste (Kawasaki 
Environmental Research Institute, 2015). 

Facing industrial decline and persistent entropy accumulation, city planners launched an audacious meso-scale 
restructuring. The 1997 Kawasaki Eco-Town Plan—endorsed by national ministries (macro-scale enablers) as a 
model for heavy industry remediation—converted 2,800 hectares of degraded coastal land into a circular production 
hub (Economic and Labour Bureau, 2025). This was dramatically accelerated by the 2007 Kawasaki Zero -Emission 
Industrial Park initiative, which served as the pivotal operational turn ing point. Through Japan's Eco-Town 
Programme, METI and MOE provided crucial macro-scale subsidies covering 50% of project costs and technical 
assistance for critical infrastructure, including: 

 ¥27.4 billion plastics-to-blast furnace reductant project. 
 ¥26.1 billion plastics-to-concrete formwork initiative. 
 ¥7.4 billion PET-to-PET recycling system (van Berkel, et al., 2009). 
 Technical assistance implementing 3R frameworks through closed-loop technologies (Akira, 2000). 

This provided the institutional framework and economic incentives for large-scale industrial symbiosis, marking 
a conscious policy-driven shift from a linear paradigm 

5.3 Outcomes of  Multi -scalar Governance 

The efficacy of this strategic pivot is immediately visible in the subsequent data. By FY 2014, after seven years of 
intensified operation, per-capita waste had been significantly reduced to 998 g/person/day, recycling increased to 
0.16 mt, and incineration demand lowered to 0.37 million tonnes (Kawasaki Environmental Research Institute, 
2015). This established a clear, measurable downward trend in entropy generation directly attributable to the new 
policy framework. This policy-driven intervention achieved not merely incremental efficiency gains but a 
fundamental restructuring of the urban-industrial metabolism, as the following analysis of its multi-scalar operations 
will demonstrate. 

The current data from 2023, which shows per-capita waste further reduced to 730 g/person/day—a decrease of 
approximately 380 grams since 2005—is therefore the culmination of this deliberate, sustained transformation. This 
remarkable achievement, which gives Kawasaki the lowest waste output among all major designated cities, was 
driven by proactive measures like expanded separate collection and, crucially, a collaborative partnership with 
citizens and businesses. Coupled with a system-wide recycling rate of 89.3%, these results quantify a successful 
metabolic shift from a linear disposal system to a highly efficient circular economy (2025a).  

The trend line from 2003 to 2023, with its key inflexion points, proves the structural and sustained nature of this 
change. This policy-driven intervention achieved not merely incremental efficiency gains but a fundamental 
restructuring of the urban-industrial metabolism, as the following analysis of its multi-scalar operations will 
demonstrate. 

5.4 Kawasaki's Thermodynamic Transformation: Integrating Scales from Policy to Practice  

Building on macro-scale national frameworks like the Basic Act for a Sound Material-Cycle Society (2000) and 
Japan's Eco-town subsidies, Kawasaki operationalised thermodynamic governance through meso-scale industrial 
symbiosis networks. These systems deploy entropy-delaying infrastructure that transforms waste streams into 
conserved resources—slowing material dispersion via PET/paper recycling, locally reversing entropy through 
plastic gasification (converting disordered polymers into syngas), and closing industrial material loops. With an 
annual throughput of approximately 330,000 tonnes (Kawasaki City Environmental Bureau, 2025b), this network 
demonstrates scaled metabolic optimisation where waste entropy is systematically mitigated through cascading 
resource recovery. This mandated industrial symbiosis network achieves high spatial efficiency, minimising 
transport emissions through proximity-enabled exchanges. 

Table 10 details waste processing facilities within Kawasaki's Zero Emissions Industrial Park (1995 -2025), 
demonstrating the evolution of capacity and hyper-local resource cycling within a tightly clustered 1.5 km radius 
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(Maki, 2009). This mandated industrial symbiosis network achieves high spatial efficiency, minimising transport 
emissions through proximity-enabled exchanges. Key infrastructure exemplifies distinct resource management 
strategies: 

 Material delay systems: PET-to-PET recycling, for example, PET Refine Technology Co., recycled 
27,500 tonnes of PET to 22,300 tonnes of new bottles/year, and paper cascading, San-Ei Regulator Co., 
recycled 81,000 tonnes of mixed paper to 54,000 tonnes of tissue/year, extending material lifespans. 

 Entropy reversal: Showa Denko (KPR) employs plastic gasification for chemical recycling into 
hydrogen/ammonia (200 tonnes/day), transforming waste into high-value feedstocks. 

 Industrial metabolism: JFE group companies drive circularity through blast furnace plastic injection 
(25,000 tonnes/year), concrete frame production from plastics (20,000 tonnes/year), and appliance 
remanufacturing (400,000-500,000 sets/year). 

Table 10. Kawasaki’s Industrial Ecology Facilities and Entropy Reduction Capacity 

Facility/project Year started Company/location Processing targets Capacity (per year)

Reuse of waste plastics for blast

furnace (MOE,2010,2015, Maki,

2009, Inoue, 2012)

2000 JFE Kankyo Corp Industrial plastics 25,000 tonnes plastics

Recycling used electric

appliances (MOE,2010,2015,

Maki, 2009, Inoue, 2012)

2001
JFE Urban Recycle

Corp.
Electronics 400,000-500,000 sets

Concrete frames from waste

plastic (MOE,2010,2015, Maki,

2009, Inoue, 2012)

2002 JFE Kankyo Corp. Construction materials 20,000 tonnes plastics

Mixed upper recycling

(MOE,2010,2015,  Inoue, 2012)
2002 San-Ei Regulator Co. Mixed paper

81,000 tonnes paper → 54,000

tonnes tissue

PET bottle recycling (PET-to-

PET) (MOE,2010,2015, Maki,

2009, Inoue, 2012)

2004
PET Refine Technology

Co.
Beverage containers

27,500 tonnes PET → 22,300

tonnes new bottles

Ukishima Bulk Waste Facility

(Kawasaki City, 2024a)
1995 Ukishima-cho

Combustible/non-combustible

waste, scrap metal
10 tonnes/hour

Ukishima-cho Mixed paper 70 tonnes/day

Ukishima-cho Plastic containers and packaging 55 tonnes/day

Tachibana Processing Center/

Resource Recycling Facility

(Kawasaki City, 2024a)

2020 Takatsu Ward Mixed paper 45 tonnes/day

Combustible bulky waste 40 tonne/5 hr

Non-combustible bulky waste 20 tonnes/5 hr

Small metal items 20 tonnes/5 hr

Empty cans (aluminum/steel) 20 tonnes/hr

Empty bottle 25 tonnes/5 hr

Pet bottle 12.5 tonnes/5 hr

Showa Denko (SDK) (Operate in

Kawasaki as Kawasaki Plastic

Chemical Recycling” (KPR)

(Showa Denko, 2021).

2003
Kawasaki Coastal

Industrial Area
200 tonnes/day

J Circular System Plastic

Recycling Facility (JFE

Engineering Corporation, 2025).

2025 (full-

scale

operation)

Kawasaki Coastal

Indutrial Area (JFE

Engineering & JR East

joint venture)

200 tonnes/day

Ukishima Resource Treatment

Center and Recycling  Facility

(Kawasaki City, 2024a)

2011

Household/commercial plastics

for material/chemical recycling

(including hydrogen/ammonia

production)

Ozenji Resource Treatment

Center/ Resource Recycling

Facility (Kawasaki City, 2024a)

2016 Asao Ward

 
Source: MOE (2010, 2015); Inoue, T. (2012); JFE Engineering Corporation (2025), Kawasaki City (2024a)  

Complemented by Kawasaki City's resource centres such as Ukishima, Tachibana, Ozenji resource treatment 
centre handling diverse waste streams and the J Circular System (200 tonnes/day chemical recycling, this integrated 
network processes over 300,000 tonnes of materials annually. It diverts waste from terminal entropy (landfill) while 
regenerating critical industrial feedstocks within an exceptionally compact industrial ecosystem.  

Concurrently, Kawasaki systematically constructed a robust legal and regulatory framework to accelerate its 
transition toward a circular economy, cultivating a sound material-cycle society while advancing entropy-
minimising urban systems. As shown in Table 11, this framework evolved through distinct phases of scientific 
foundation, regulatory integration, and systemic optimisation.  
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Table 11. Evolution of Kawasaki’s Environmental Regulations and Pollutant Reduction Outcomes (1960s - 

2022) 
Period Regulatory framework Key provisions Outcomes and performance metrics

Foundational

advances (1960s-

19702)

1960s Kawasaki Pollution Research Institute Scientific diagnosis of industrial pollution Basis for Japan's first local industrial regulation

1970 Kawasaki City Pollution Prevention Ordinance Industrial pollution control Early local measures against factory emissions

1972 Kawasaki City Pollution Control Ordinance

Mandates significant reductions of: (a).

Sox (≤0.04 ppm),Nox (≤ 0.04 ppm - 0.06

ppm), SPM (≤  0.1 mg/m³ ) , Targeted 42

major factories; Empowered citizen action

Landmark 1972 Pollution Lawsuit established "polluter

pays" principle (Kawasaki City Environmental Bureau

Environmental Research Institute, 2025)

1974 Voluntary Agreements with 39 factories
Pioneered industrial symbiosis for air

pollution control

Aligned with national regulatory expansion (Kawasaki

Environment Research Institute, 2013)

1974
Revised pollution prevention ordinance

(National Air Pollution Control Act)

Expanded total volume regulation

nationwide

 NOx: Reduced from 28,554 tonnes in 1974  to 6,569

tonnes in 2023 (Kawasaki City Environmental Bureau.

2025a).

Regulatory

integration and

stricter controls

(1978-2005)

1978
Kawasaki City Ordinance for Pollution

Prevention
Strengthened emission caps

Improved air/water quality standards  (Kawasaki City

Environment Bureau ,2022a).

1978 Kawasaki City Basic Total Volume Regulation
Stricter caps on factory emissions (NOx,

SOx, PM).

Further decline in NOx and SOx outputs  (Kawasaki City

Environment Bureau ,2022a).

1983
Early diesel controls: restrictions on diesel

vehicles (national capital region)
Initial regulations on vehicle emissions

Reduced NOx/PM from transport; foundation for future

transportation policies

1983 Automobile NOx PM Control Act
Targeted vehicle emissions to reduce

nitrogen oxides
Addressed mobile pollution sources

1991 Kawasaki City Environmental Basic Ordinance Integrated environmental planning Framework for long-term sustainability

1991 Kawasaki City Basic Environmental Ordinance
Integrated pollution control with urban

planning.
Framework for long-term environmental goals

1992
Basic Ordinance for Treatment of Domestic

Waste

Established beneficiary-pays fees for

waste disposal (general, industrial,

sludge). Revised 2017:

• Garbage: 12 → 15 JPY/kg

• Sludge: 1,400 → 2,100 JPY/m³

Improved cost recovery, for  example,  beneficiary

burden for garbage disposal: 63.8%→78.8% post-2017

(Kawasaki City Environment Bureau ,2022a).

1993

Automobile NOx Act (Amended to the

Automobile NOx/PM Act in  2001, came into

effect in 2002)

Added particulate matter (PM)

regulations,  tightened vehicle emission

limits and promoted cleaner

fuels/technologies.

Operation ban on non-PM-compliant vehicles effective

Oct 2003 → Significant NOx and PM reduction (Kawasaki

City Environmental Bureau, 2012)

1999
Kawasaki City Ordinance for Conservation of

the Living Environment

Pollution prevention and living condition

protection
Comprehensive SMPs, NOx, SOx controls

1999
Ordinances on Pollution Control & Living

Environment Preservation (2006 update)

Comprehensive measures for SMPs, NOx,

SOx, PM, and HCl.

SOx: Achieved environmental standard (481 tonnes/year)

(Kawasaki City Environment Bureau, 2022a).

2003
Operation ban: Prohibited non-compliant

PM standardsdiesel vehicles

Fuel ban: Banned heavy oil and non-

compliant fuels for vehicle

2004
Kawasaki City Water Environment

Conservation Plan
Water quality protection

Improved wastewater management (Kawasaki City

Environment Bureau, 2022a).

Systemic

transition and

circular targets

(2005-present)

2005

Kawasaki City Basic Plan for Regular Waste

Treatment. (Kawasaki Challenge 3R: Planning

period: 2016 to 2025 (10 years)

Target: 10% per capita waste reduction

(998g→898g/day by 2025)

Steady progress toward waste reduction goals ((Kawasaki

City Environment Bureau ,2022a)

2006

Kawasaki City Basic Plan for Promotion of

Global Warming Countermeasures (Climate

plan)

Climate action
Local GHG reduction targets (Kawasaki City

Decarbonization Strategy Promotion Office, 2022).

2010 Biodiversity Kawasaki Strategy Ecosystem conservation 

Targets indicator species habitat: 75% of sites had "clean-

water indicator fish" in 2020 → 100% target by 2030 (no

area metrics provided) (Kawasaki City Environment

Bureau ,2022a)

2015 Kawasaki Hydrogen Strategy Clean energy transition Promotion of hydrogen vehicles

2017
Revised Basic Ordinance for Treatment of

Domestic Waste
Fee adjustments for waste disposal

Increased cost recovery (for example,  garbage: 12→15

JPY/kg)  (Kawasaki City Environment Bureau ,2022a)

2020 Kawasaki Carbon Zero Challenge 2050 Net-zero emissions
Roadmap for decarbonization (Kawasaki City

Environment Bureau ,2022a)

»Maintain PM₂.₅≤ 15μg/m³ (annual) and≤35μg/m³ (daily)

(Kawasaki City Environment Bureau, 2022a)

Rivers: 100% BOD compliance (Kawasaki City

Environment Bureau, 2022a)

Canals: COD compliance (Kawasaki City Environment

Bureau, 2022a)

Tokyo Bay: Partial COD non-compliance

Kanagawa/Kawasaki Diesel vehicle restrictions

(as part of the broader enforcement of Japan’s

Automobile NOx/PM Control Act (1992,

revised 2007, 2001)

Achieved sustained PM₂.₅ compliance:    Annual mean

15μg/m³ at all monitoring (Kawasaki City Environment

Bureau ,2022a)

Mandated retrofitting (for example,  Diesel Particulate

Filter [DPF]) or phase-out of old vehicles (Kawasaki City

Environment Bureau ,2022a)

2022
Kawasaki City Air and Water Environmental

Plan )
Holistic pollution control

 
Other source: Inoue, T. (2012). Kawasaki City Environmental Research Institute. (2018), JFE Engineering Corporation. 
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(2025), Kawasaki City, 2005, Kawasaki City 1999, 2024a, 2024c, Environmental and Agricultural Administration Bureau. 

2025. 

The evolution of Kawasaki’s environmental governance exemplifies a sophisticated meso-scale implementation 
of Japan’s macro-scale sustainability framework. This progression may be elucidated as follows: 

a. Foundational advances (1960s-1970s): Meso-scale innovation catalysed by micro-scale crises 
Scientific diagnosis by the Kawasaki Pollution Research Institute (1960s) underpinned Japan's first local (meso-

scale) industrial regulation, the 1970 Pollution Prevention Ordinance. The landmark 1972 Pollution Lawsuit 
established the "polluter pays" principle at the municipal (meso) level, while the 1972 Kawasaki City Pollution 
Control Ordinance mandated stringent reductions following the national environmental standards for air pollution 
in SOx (≤0.04 ppm), NOx (0.04-0.06 ppm), and SPM (≤0.1 mg/m³), (MOE, 2023b; Kawasaki City Environmental 
Bureau Environmental Research Institute, 2025) targeting 42 major factories and empowering citizen action. 
Voluntary 1974 Agreements with 39 factories pioneered industrial symbiosis for air pollution control (Kawasaki 
Environment Research Institute, 2013), aligning with national regulatory expansion that saw NOx emissions fall 
from 28,554 tonnes in 1974 to 6,569 tonnes in 2023 (Kawasaki City Environmental Bureau, 2025a). This 
demonstrates how local action can align with  macro-scale national regulatory expansion. 

b. Regulatory integration and stricter controls (1978-2004): Strengthening the meso-scale framework 
The city strengthened its meso-scale governance through the 1978 Revised Pollution Prevention Ordinance and 

the 1991 Environmental Basic Ordinance. This era saw critical outcomes: SOx achieved environmental standards 
(481 tonnes/year), PM emissions fell to 2,688 tonnes/year (2004), and 2003 Diesel Restrictions secured sustained 
PM₂.₅ compliance—all demonstrating effective meso-scale enforcement of macro-scale environmental standards. 

The 1978 Revised Pollution Prevention Ordinance imposed stricter emission caps and enhanced monitoring. 
Following early 1983 diesel controls, systemic integration accelerated: the 1991 Environmental Basic Ordinance 
shifted focus toward resource optimisation, expanded by the 1999 Living Environment Ordinance for 
comprehensive pollution management. This era saw critical outcomes: SOx achieved environmental standards (481 
tonnes/year), PM emissions fell to 2,688 tonnes/year (2004), and 2003 Diesel Restrictions (banning non-compliant 
vehicles/fuels) secured sustained PM₂.₅ compliance (≤15μg/m³ annual) (Kawasaki City Environment 
Bureau ,2022a) The 2004 Water Conservation Plan achieved 100% BOD compliance in rivers (Kawasaki City 
Environment Bureau, 2022a). 

c. Systemic transition and circular targets (2005-Present): Integrated multi-scalar governance  

Policy shifted decisively toward circularity, integrating macro-scale goals with meso-scale implementation. 
The 2005 3R Waste Plan targeted a 10% per capita waste reduction (998g→898g/day by 2025), (Kawasaki City 
Environment Council, 2025) reinforced by 2017 fee revisions increasing combustible waste disposal costs (12→15 
JPY/kg) under the beneficiary-pays principle (Kawasaki City Environment Bureau, 2017, 2022b).  The 2006 
Climate Plan aligned with national GHG goals (80% reduction by 2050 vs. 2010). The 2010 Biodiversity Strategy 
targeted increasing 'clean-water indicator fish' habitats to 100% by 2030 (Kawasaki City Environment Bureau, 
2022a). The 2022 Air/Water Plan confirmed enduring PM₂.₅ compliance and river BOD compliance, despite partial 
COD non-compliance in Tokyo Bay (Kawasaki City Environment Bureau, 2022a). Crucially, absolute waste stream 
contraction targets were set: a 40,000-tonne reduction in incineration (370,000 to 330,000 tonnes/year by 2025) 
Waste Policy, Department of Living Environment, Environment Bureau, 2016) via equal cuts in household and 
industrial waste, driven by behavioural change and EPR optimisation.  

5.5 Meso-Scale Outcomes: Operationalising Thermodynamic Governance  

Kawasaki’s Eco-Town Plan achieved measurable entropy reduction by implementing  macro-scale 
laws through meso-scale systems, demonstrating three key strategies: 

1. Spatial entropy minimisation: Centralised waste processing infrastructure led to a >95% construction waste 
recovery rate (2020). The Ukishima Resource Centre annually converts 81,000 tonnes of waste paper into 
54,000 tonnes of tissue products, enabling the repurposing of degraded coastal lands for circular 
infrastructure without speculative hectare claims (Kawasaki City, 2024a).  

2. Material preservation via closed-loop systems: PET Refine Technology annually recycled 27,500 tonnes of 
bottles into food-grade resin, preserving material integrity and exergy in high-value loops (MOE, 2010, 
2015; Maki, 2009; Inoue, 2012). 
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3. Chemical transcoding infrastructure: The city established a coastal recycling hub with approximately 
120,000 tonnes/year capacity. This was anchored by: 
 Showa Denko’s KPR facility: Operational since 2003, it processed one million cumulative tonnes of 

plastic waste via gasification, converting 200 tonnes/day into hydrogen and CO₂ for low-carbon 
ammonia production, achieving 100% resource recovery and a >80% CO₂ reduction (Resonac Holdings, 
2022; RESONAC Global, 2022). 

 J Circular System: Launched in 2025, it added 200 tonnes/day capacity to process mixed plastics into 
hydrogen/ammonia, operating under the Plastic Resource Circulation Act (J & T Recycling Corporation, 
2025; East Japan Railway Company, 2024). 

This meso-scale governance was further expanded through initiatives like the Hydrogen Strategy (valorising 
waste-to-energy) and the Biodiversity Plan, which targeted spatial entropy minimisation in Tokyo Bay ecosystems 
(Kawasaki City, 1999; Inoue, 2012; Kawasaki City Environmental Research Institute, 2018). 

Kawasaki’s transformation demonstrates how cities engineer entropy-minimising metabolisms through two 
synergistic meso-scale strategies: 

a. Spatial concentration of material flows: Strategically optimised facilities (Table 9) enable chemical 
transcoding of non-recyclables, concentrating material streams within closed-loop systems. 

b. Tiered environmental regulations: Progressive policy frameworks (Table 10) assign disposal costs to 
polluters, achieving triple environmental gains: land restoration of degraded coastal zones, a 99% 
construction waste recycling rate, and air quality improvements with SOx emissions cut to mandated 
standards (481 tonnes/year). 

5.5.1 Confronting Thermodynamic Frontiers: The Limits of  Meso -scale Governance 

Despite significant progress, Kawasaki’s meso-scale systems confront three material entropy frontiers requiring 
adaptive governance: 

1. Material degradation entropy (Micro-scale material limitations) 
 Paper recycling: 33% irreversible mass loss (81,000 → 54,000 tonnes/year) dissipating cellulose exergy 

(Kawasaki City, 2015). 
 PET bottles: 33.7% yield in bottle-to-bottle recycling; residuals emit ≥0.8 kg CO₂-eq/kg PET (Council 

for PET Bottle Recycling, 2024) 
2. Critical material leakage (Micro-scale dissipation challenges) 

 PV panels: <1% lithium/silver recovery due to purity thresholds (<0.01%), wasting high-exergy metals 

(Man et al., 2024). 

3. Spatial optimisation potential (Meso-scale system efficiency gaps) 
 Japan's PET collection networks achieve 98.6% utilisation (85.0% recycling and 13.6% energy 

recovery), demonstrating spatial strategies' efficacy while highlighting thermodynamic ceilings 
(Council for PET Bottle Recycling, 2024). The concept of a thermodynamic ceiling is exemplified by 
the failure of large-scale plastic-to-fuel conversion technologies in Japan, such as the facility operated 
by Sapporo Plastic Recycling Co. Despite technical feasibility, the process was an endothermic 
reaction requiring sustained heating to 400°C. This created an inescapable energy deficit where the 
energy input (from burning the produced oil or purchased electricity) often matched or exceeded the 
energy value of the output, rendering the process a net entropic loss. This case demonstrates that 
thermodynamic ceilings are not just theoretical limits but concrete economic barriers that dictate the 
ultimate viability of recycling technologies, no matter how spatially optimised the collection network 
(Plastic Waste Management Institute, 2025). 

These challenges reveal that meso-scale interventions, while necessary, are insufficient alone to address 
fundamental micro-scale thermodynamic barriers and macro-scale policy gaps for critical materials. Addressing 
these defects necessitates adaptive governance pathways: 

• Enable strategic infrastructure: Develop urban mine cadastres to guide investments in material parks 
and collocated industries. 

• Integrate exergy metrics: Adopt kJ/kg preserved PET alongside tonnage targets to quantify 
thermodynamic gains (Council for PET Bottle Recycling, 2024).  
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• Mandate advanced recycling and recovery: Strengthen EPR mandates requiring >70% silver recovery 
from PV panels via advanced hydrometallurgy (Man rt al., 2024).  

• Enact smart fiscal policy: Implement "Material Criticality" levies on virgin materials to fund and 
incentivise high-NERR recycling (Graedel et al., 2011) 

• Develop cross-industrial synergy: Develop material parks collocating PV recycling with hydrogen 
plants (Younus et al., 2025; Karthikeyan et al., 2025).  

• Prevent entropy at source: Strengthen "Design for Disassembly and Recycling" standards to minimise 
future recycling energy. 

These governance strategies target critical entropy leakage points—from PET yield constraints to PV metal 
dissipation—yet remain intrinsically bounded by thermodynamics' second law. While adaptive pathways (exergy 
metrics, expanded EPR, material parks) mitigate discrete material entropy in Kawasaki, they confront Georgescu-
Roegen's irreducible reality: all production generates unrecoverable dissipation. This fundamental limitation frames 
our analysis of renewable infrastructure—where operational decarbonization coexists with embedded material 
entropy—a paradox manifest in Kawasaki's solar transition. 

In addition, while Japan's proactive ‘Design for Disassembly and Recycling’ standards are a crucial foundational 
policy for preventing entropy at the source, their efficacy is inherently constrained. As a macro -scale instrument, 
the policy cannot overcome fundamental micro-scale thermodynamic barriers, such as the reconcentration penalty 
for silver in PV panels, which dictates a high entropic cost (E_recycled) irrespective of design. Furthermore, its 
forward-looking nature fails to address the legacy waste stream already in circulation. 

Therefore, the existing framework must be strengthened to explicitly target thermodynamic inefficiency by 
linking design specifications—such as prohibiting adhesives that hinder disassembly or standardising battery 
modules—directly to measurable downstream outcomes. This ensures new products are intrinsically compatible 
with high-NERR recycling processes. Ultimately, the policy's full potential is only realised when integrated with 
the advanced recycling mandates and fiscal measures previously detailed, forming a coherent system that manages 
both future and cumulative material entropy. 

5.6 Kawasaki's Solar Transition: The Multi -Scalar Paradox 

Kawasaki's solar infrastructure embodies the inescapable multi-scalar trade-off of modern decarbonization: meso-
scale operational gains manifest through macro-scale material entropy costs and micro-scale dissipation challenges. 
This paradox necessitates transcending carbon-centric metrics to confront the full exergy cost across all scales. To 
elaborate, Kawasaki's Ukishima (7 MW) and Ogishima (13 MW) solar plants epitomise decarbonisation's 
fundamental contradiction (Table 12). While generating 28.7 million kWh annually (30% above projections) and 
reducing operational CO₂ by ~12,500 t/y, these facilities perpetuate embedded entropy through:  

• Material dissipation: <1% silver/lithium recovery due to purity thresholds (<0.01%)  

• Renewable entropy debt: Irrecoverable dispersal of high-exergy silicon at end-of-life 
This operational-emission reduction alongside irreversible resource dissipation validates Georgescu-Roegen's 

axiom that all production accelerates entropy. 
Table 12. Kawasaki Power Infrastructure Profiles 

Plant Type Output Entity Key thermodynamic metrics

• 8.9M kWh/yr (2,900 homes)

• 4,500 t/y CO₂ reduction

• 13.7M kWh/yr (4,600 homes)

• 8,000 t/y CO₂ reduction

Kawasaki Biomass Biomass 33,000 kW
Kawasaki Biomass

Power Corp
Organic waste valorization

Higashi Ogishima Thermal LNG Thermal 2,000 MW TEPCO High-efficiency (59%) LNG plant

Ogishima Wind Power

Plant
Wind 1,990

JX Nippon Oil &

Energy
123m tall turbine

Kawasaki Natural Gas

Power Plant
LNG Thermal 847,400 Tokyo Gas Co. Low-CO₂ emissions

Kawasaki Clean Power

Plant
LNG Thermal 30,000 Marubeni Corp. Supports local industries

Ukishima Solar Solar 7,000 kW TEPCO/Kawasaki City

Ogishima Solar Solar 13,000 kW TEPCO/Kawasaki City
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Source. Kawasaki City, 2016, 2025c, MOE, 2010  

Thus, Kawasaki's solar infrastructure embodies the inescapable thermodynamic trade -off of modern 
decarbonization: operational gains manifest only through accelerated material entropy. This paradox necessitates 
transcending carbon-centric metrics to confront the full exergy cost of renewable transitions—a challenge 
demanding circular reinvention of energy infrastructure itself.  

5.6.1 Integrated Multi -scalar Governance: Progress and Entropy Reduction  

Kawasaki's Eco-Town model demonstrates a multi-scale approach to industrial ecology and carbon reduction, 
achieving significant verified outcomes through integrated spatial and strategic planning:  

1. Meso-scale industrial symbiosis: The model facilitates direct resource exchange between collocated 
industries. A prime example is the waste-heat recovery system from industrial processes, which is used 
to generate steam for power production. This system can supply approximately 30% of the total 
electricity consumption of a participating plant, such as a cement factory, significantly reducing its 
reliance on external power and its associated CO₂ emissions (Kawasaki City 2025 c). Furthermore, 
initiatives like JERA's combined cycle power plant, with its world-class 61% thermal efficiency, reduce 
CO₂ emissions by approximately 30% compared to conventional generation, enhancing the district's 
overall energy efficiency (Kawasaki City, 2025 c). 

2. Meso-scale spatial compression and renewable integration: The co-location of industries enables 
localised energy generation and distribution. This is complemented by large-scale renewable projects 
within the industrial zone, such as the Ukishima and Ogishima Solar Power Plants (among the largest in 
Japan). With a total capacity of 20,000 kW, they generate enough electricity for approximately 5,900 
households and have achieved a verified total CO₂ reduction of both plants at 12,900 tonnes. This 
demonstrates the tangible benefits of compressed, integrated energy systems (Kawasaki City, 2016).  

3. Macro-scale policy and corporate governance: The foundation of these efforts is a strong corporate 
commitment to environmental management, as evidenced by achieving 100% recycling rates (zero 
emissions) across all major plants by 2005. This internal "Extended Producer Responsibility" framework, 
focused on CO₂ reduction, energy cost savings, and the promotion of the 3Rs (Reduce, Reuse, Recycle), 
provides the governance structure that enables the physical synergies at the meso -scale to thrive 
(Kawasaki Heavy Industries, 2022). 

5.6.2 Unresolved Thermodynamic Frontiers and Entropy -Aware Solutions 

Kawasaki's progress confronts three persistent thermodynamic barriers: 
1. Exclusion of PV panels from Japan's Small Appliance Recycling Law  
2. Economic infeasibility of rare earth recovery (costs exceeding market value)  
3. Emerging dissipation pathways from Li-ion batteries with less than 5% cobalt and lithium recycling 

rates. 
These frontiers necessitate advanced governance strategies. Kawasaki can pioneer solutions by:  

• Leveraging NEDO funding to research-enhance implementation of NaCl-enhanced wet separation for 
high-yield silicon recovery (96% polymer removal, 73% lower CO₂) while advancing silver reclamation 
through closed-loop acid leaching—transforming PV waste into thermodynamic governance exemplars 
(Kim et al., 2024; Rout et al., 2025). 

• Implementing a Circular Premium Incentive (CPI) System offering 15% price premiums for panels with 
>30% recycled Ag/Si (prioritised in procurement), funded through waste management savings, while 
granting permitting fast-tracks to ISO 59004-certified manufacturers. 

• Operationalising entropy reduction through PV recycling colocation at Ogishima solar-powered e-waste 
hubs and molecular-scale recovery via AI-driven material informatics (15,000 panel mappings), 
catalytic cathode recycling (50% energy reduction for lithium), and hydrogen reduction of degraded 
silicon. 
Collectively, this framework strategically decelerates entropy through policy (EPR + CPI), spatial design, 
and molecular innovation – positioning Kawasaki as a global laboratory where renewable infrastructure 
regulates material dissipation per Georgescu-Roegen's low-entropy economy. 
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6. INSTITUTIONALISING LOW-ENTROPY CITIZENSHIP: KAWASAKI’S DUAL-TRACK EDUCATION-

GOVERNANCE ECOSYSTEM  

6.1 Defining the Low-Entropy Citizen 

Kawasaki has institutionalised the principle of irreversible resource transformation through an integrated policy-
pedagogy system that extends beyond Japan's national environmental education framework. In this study, 'low-
entropy citizenship' is operationalised as the cultivation of micro-scale citizen behaviours that directly reduce 
material and energy dissipation at the source. This is characterised by: (1) proper sorting of domestic waste to 
preserve material value and reduce mixing entropy; (2) participation in reuse and repair economies; and (3) 
consumption choices that prioritise longevity and recyclability.  

6.1.1 The Governance Track: Mandating Participation and Enabling Action  

The city effectuates entropy awareness through a multi-scalar governance framework that translates national 
legislation into targeted local actions. This track provides the mandatory infrastructure and rules that enable low-
entropy behaviour, operating from the macro national to the meso municipal and finally to the micro individual 
scale: 

• National macro-frameworks: 
o The Sound Material-cycle Society Act (2000) provides the foundational philosophy, aiming to cultivate 

high public environmental awareness. 
o The Corporate Governance Code mandates sustainable growth and long-term value creation, driving 

corporate accountability and supporting industrial symbiosis initiatives  

• Meso-scale municipal policy and targets: 
Kawasaki operationalises these national frameworks through local mandates. Central to this ecosystem are 

measurable material entropy reduction targets (2016-2025). The city achieved Japan's lowest per capita waste rate 
(730g/day in 2023) and is progressing toward its 2025 target (Kawasaki City, 2025a) 

o Systems and infrastructure: This outcome was driven by meso-scale governance interventions such as 
plastic recategorization initiatives and the creation of standardised, city-wide waste sorting systems that 
reduce behavioural confusion (mixing entropy). 

• Micro-scale enablement: These macro and meso-scale policies are ultimately designed to structure and 
enable effective action at the micro-scale of the individual citizen and household. 

6.2 The Education Track: Cultivating Competence and Social Norms  

This track focuses on building the motivation, skill, and shared ethical foundations required for effective micro-
scale citizenship through lifelong learning. Central to this effort is the cultivation of pro -environmental social 
norms—the shared beliefs, values, and practices that guide collective behaviour. Drawing on Durkheim's concept 
of the collective conscience, these norms form a system of common understandings that transcend individual action, 
shaping how members of a society think and interact (Durkheim, 1972, 2005). Kawasaki's environmental pedagogy 
operates through distinct pathways to build this entropy-aware collective conscience: 

• Meso-scale municipal pedagogical foundations: City-led (meso-scale) initiatives establish baseline entropy 
literacy and reinforce community-wide norms across all ages: 
o Early childhood: "Tsunagari Tanoshimu Asobi" playbooks instil foundational values of connection and 

care. 
o Digital transformation: GIGA School’s “Kurashi to Gomi” interactive textbooks normalise waste sorting 

as a standard part of daily life (kurashi). 
o Community engagement: 146 annual “Fureai shutchō kōza” workshops and the “Demae Gomi School” 

strengthen local social contracts around waste management.  

• Youth-led industrial diagnostics (micro-to-meso linkage): This advanced pedagogy transforms students 
(micro-scale actors) into active agents of thermodynamic governance and norm entrepreneurs.  

• Youth-led industrial diagnostics (micro-to-meso linkage): This advanced pedagogy transforms students 
(micro-scale actors) into active agents of thermodynamic governance. Approximately 542 Tachibana High 
School students collaborated with 8 corporations, such as Fujitsu, JEPLAN and Kewpie, to translate entropy 
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theory into practical governance solutions, as detailed in Table 13.  
Table 13. Industry-Led Entropy Awareness Program 

Kawasaki Frontale

Kawasaki Mirai Energy

Fujitsu

Marui Group

JEPLAN

Ajinomoto

Kewpie

AMITA Holdings

Phase Action Entropy Governance Link

Investigation
Mapped PET flows from supermarkets → J&T Recycling →

Showa Denko ammonia

Quantified transport entropy (45% reduction

target)

Analysis
Diagnosed leakage points in mayo bottle collection

(Ajinomoto/Kewpie)
Identified 18% dissipation at commercial sites

Solution Design

3. Policy Prototyping: Fujitsu implemented student

proposals for blockchain-tracked PET bottles, piloting

Extended Producer Responsibility provision under the

Containers & Packaging Law (1995)+B10

Spatial optimization + behavioral entropy

reduction

3. Policy Prototyping: Fujitsu implemented student proposals for blockchain-tracked PET bottles, piloting Extended Producer

Responsibility provision under the Containers & Packaging Law (1995).

Plastic circulation and decarbonization project

2. Pedagogical Innovation: The "Recycle Neuroshima" game – pairing milk cartons with toilet paper – made irreversible degradation

tangible for 12,000+ residents.

Demonstration experiment for used mayo bottle collection

Demonstration experiment for used mayo bottle collection

Promoting MEGURU STATION system

Documented cross-generational impacts

1. Corporate Internalization: Kawasaki Mirai Energy committed to student-designed "entropy literacy" train ads after recognizing: "Our

duty to pass the baton to youth."

Creating participatory circular society

Industry-academic collaboration framework for local symbiosis activities with   8 industrial stakeholders

Communicating environmental initiatives to fans/citizens

Normalizing renewable energy in society

Citizen environmental actions for decarbonized society

Decarbonization action at Marui Family Mizonokuchi

 
Source: Kawasaki City Board of Education Secretariat (2025)  

Table 12 illustrates the operationalisation of Kawasaki's education-governance ecosystem, demonstrating how 
student-led projects directly translate entropy theory into actionable governance across all three scales.  

The framework's strength lies in its multi-stakeholder, multi-scalar approach. The collaboration with eight 
diverse industrial partners—from energy providers (Kawasaki Mirai Energy) and tech firms (Fujitsu) to consumer 
goods giants (Ajinomoto, Kewpie)—shows how the meso-scale municipal strategy of fostering industry-academic 
symbiosis creates a powerful network for innovation. This network effectively closes the loop between policy, 
corporate action, and citizen behaviour. 

The phased structure (Investigation, Analysis, Solution Design) reveals a rigorous process for entropy reduction: 

• The investigation phase focused on meso-scale spatial analysis, mapping material flows to quantify and set 
targets for reducing transport entropy. 

• The analysis phase identified critical failures at the micro-scale, diagnosing specific points of material 
dissipation, for example, the 18% leakage of Mayo bottles, which were invisible to macro -scale policy. 

• The solution design phase generated interventions that span all governance levels:  
o Micro-scale behavioural change: Tools like the "Recycle Neuroshima" game directly target citizen 

cognition, making the abstract concept of irreversible material degradation (entropy) tangible and 
memorable, thereby reducing mixing entropy. 

o Meso-scale system optimisation: Proposals for improved collection networks and the promotion of the 
MEGURU STATION system represent innovations in municipal-level infrastructure to enhance material 
capture. 

o A significant outcome is macro-scale policy prototyping, where student proposals actively pilot the 
implementation of national policies. A prime example is Fujitsu's proposal for blockchain-tracked PET 
bottles, which directly informs and refines the application of the Containers and Packaging Recycling 
Act. This demonstrates a bottom-up feedback loop where micro-scale citizen action directly shapes the 
evolution of macro-scale EPR frameworks. 

Finally, the documented "cross-generational impacts" underscore the project's success in building a lasting social 
norm of thermodynamic responsibility. When corporations like Kawasaki Mirai Energy internalise the duty of 
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intergenerational knowledge transfer, it signals the cultivation of the "collective conscience" essential for sustaining 
low-entropy citizenship beyond mere regulatory compliance.  

6.2.1 Synergy in the Ecosystem: How Governance and Education Mutually Reinforce Each Other  

The true innovation of Kawasaki's approach lies not in the individual tracks but in the synergistic interaction 
between them. Governance without education leads to inefficient compliance; education without governance lacks 
tangible impact. Kawasaki’s model ensures they are symbiotic, creating a closed-loop system across scales: 

• Micro-to-meso feedback (Education informs governance): Student-led diagnostics (micro-scale actors 
in the education track) identified an 18% dissipation rate at commercial collection sites. This micro-
scale evidence directly informed the design of new meso-scale collection protocols and partnerships 
with Ajinomoto and Kewpie (Governance Track). 

• Macro/meso-to-micro purpose (Governance gives purpose to education): Macro-scale national laws like 
the Containers & Packaging Law (1995) and meso-scale city waste targets (Governance Track) provide 
the real-world, high-stakes context that makes micro-scale student projects—like Fujitsu’s pilot of 
blockchain-tracked PET bottles—relevant and impactful (education track). 

• Creating a reinforcing loop: Effective meso-scale governance creates a cleaner city, which visually 
reinforces the cultural norm of low-entropy behaviour taught in schools. Conversely, an educated micro-
scale citizenry achieves higher compliance rates with sorting rules, making the meso-scale governance 
system more efficient and effective. This (closed-loop) is the engine of sustained metabolic 
transformation. 

This self-reinforcing cycle between mandate and pedagogy transcends mere policy compliance. It cultivates a 
shared cultural ethic—a collective 'entropy consciousness'—that embeds circularity into the social fabric itself, 
ensuring the city's metabolic transformation is not only achieved but also sustained for the long term.  

7. DISCUSSION: THERMODYNAMIC GOVERNANCE IN THE AGE OF ENTROPY ACCELERATION  

Kawasaki's transformation from a pollution epicentre to a circular economy leader demonstrates a key principle. 
Urban resilience requires strategically managing entropy—the inevitable creation of disorder—not defying it. 
Japan's macro-scale national policy framework supports this through a multi-level governance structure that 
operates across three levels: 

• Macro-scale (national): Imposes mandatory recycling targets, establishing de facto entropy budgets for 
the economy 

• Meso-scale (municipal/industrial): Encourages spatial optimisation through policies that promote 
industrial clustering 

• Micro-scale (citizen): Relies on citizen participation through mechanisms for compliance and co-design. 

7.1 Revisiting the Hierarchical Governance Model  

The findings confirm the efficacy of a cascading structure: 
1. National entropy budgets (macro): Laws establish binding degradation thresholds, for example, 80% 

recycling mandates for refrigerators. Kawasaki operationalises this through facilities like JFE Urban 
Recycle, which processed 400,000–500,000 appliance sets. 

2. Municipal spatial optimisation (meso): Kawasaki’s Eco-Town minimises transport entropy and enables 
exergy cascading through industrial clustering. This is evidenced by the 99% construction material 
recycling rate and the coastal recycling hub processing 300,000 tonnes/year of plastic via co-located 
recycling facilities 

3. Citizen co-design (micro): Participatory frameworks transform residents from passive waste generators 
to active governance agents, quantified by Japan’s lowest per capita waste (730g/day) in the Kawasaki 
municipality. 

8. CONCLUSION 

This study set out to answer the question: How can cities operationalise thermodynamic principles through a multi-
scalar governance framework to mitigate urban resource dissipation? The Kawasaki case study demonstrates that 
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the answer lies not in a single solution, but in the synergistic integration of a hierarchical model that aligns action 
across macro, meso, and micro scales. This is achieved by: 

1. Establishing macro-scale entropy budgets: Implementing national, legally-binding policies like 
Extended Producer Responsibility (EPR) that set mandatory high-value recycling targets, acting as de 
facto caps on material dissipation. 

2. Enabling meso-scale spatial optimisation: Strategically planning urban industrial zones to facilitate 
symbiosis, minimise transport distances, and enable exergy cascading, thereby drastically reducing 
systemic entropy generation. 

3. Cultivating micro-scale entropy literacy: Deploying innovative education and co-design programmes 
that transform citizens from passive waste generators into active stewards of material flows, ensuring 
high-fidelity compliance and innovation at the source.  

Kawasaki’s transformation from a symbol of industrial pollution to a circular economy pioneer validates this 
model. Through localised innovation, Kawasaki effectively operationalised Japan’s national EPR framework. The 
city's Eco-Town initiative minimised transport entropy through industrial clustering, achieving a 99% recycling rate 
for construction materials. In parallel, its dual-track education-governance ecosystem cultivated low-entropy 
citizenship, which led to the nation's lowest per-capita waste generation of 730g/day. 

However, this research also underscores the non-negotiable constraints of thermodynamic law and context-
specificity. Persistent dissipation—such as significant cellulose loss in paper recycling and minimal recovery rates 
for rare metals—serves as a critical reminder of second-law frontiers. Furthermore, the model’s efficacy is deeply 
embedded within Japan’s unique cultural and industrial context.  

Therefore, the true value of the Kawasaki model lies in its validation of a replicable dual-policy approach that 
structures multi-scalar alignment. This blueprint, pioneered by Japan, is built on two pillars:  

1. Top-down structural mandates: Macro-scale regulations, like Extended Producer Responsibility (EPR), 
enforce producer accountability and create enforceable entropy budgets.  

2. Bottom-up entropy literacy: A lifelong education ecosystem, from kindergarten curricula to community 
workshops, cultivates micro-scale citizen stewardship and active participation.  

The powerful outcome of this framework is that effective thermodynamic governance emerges from this dual 
structure, as accountable producers (complying with macro-scale, top-down mandates) and active citizens (engaged 
through micro-scale, bottom-up education) together ensure high-fidelity material circulation and entropy reduction 
within enabled meso-scale systems. While the specific cultural context of Japan accelerated this process, the 
fundamental blueprint—legislating responsibility at the macro-scale while simultaneously cultivating entropy 
literacy at the micro-scale within enabled meso-scale infrastructures—provides a critical transferable model for 
other nations. The task is not to replicate Japan's exact policies, but to adapt this proven dual-track structure to local 
contexts, using it to implement the core principles of macro-scale entropy budgeting, meso-scale optimisation, and 
micro-scale co-design 

The journey towards urban circularity is not about achieving a mythical "post-entropic" state, but about the 
conscious, continuous application of these principles to build systems that work with, rather than against, 
thermodynamic reality. Kawasaki’s legacy is a powerful testament that such a metabolic transition, though 
profoundly challenging, is achievable. It offers a replicable framework for reduced entropy generation, providing a 
blueprint for cities worldwide to navigate their own unique paths toward resilience and sustainability. 
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