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Abstract - Extended Producer Responsibility (EPR) is now the dominant regulatory instrument for plastic packaging in India, the
European Union and elsewhere. It rests on an assumption that current systems cannot test: that a producer’s declaration of recovered
and recycled tonnage is true. Compliance evidence is aggregate, self-reported and detached from the material it describes, so the central
claim of the regime is cheap to falsify and hard to disprove.

This paper is a systematic survey conducted under a PRISMA-style protocol. We screened 312 records from five databases and retained
45 sources published between 2023 and 2026 across four communities that seldom cite one another: molecular marking of polymers,
machine-readable identifiers, distributed ledger technology (DLT) for provenance, and machine learning for waste classification,
forecasting and anomaly detection. The included studies are quality-appraised, and the four bodies of work are compared against one
another using a four-layer analytical framework and six capability criteria derived from the regulatory requirements.

Three principal findings emerge. Not one reviewed configuration satisfies all six criteria, and the sharpest — whether an identifier survives
mechanical reprocessing — is failed categorically by every approach built on digital identifiers alone. Where one layer is weak another is
characteristically strong, yet no reviewed study evaluates the layers in composition. The third finding carries furthest: because no shared
dataset, protocol or benchmark permits reported accuracies and throughputs to be compared, the field’s apparent maturity cannot be
verified, and its limiting constraint proves evaluative rather than technical. We specify what an adequate benchmark requires, and derive
a reference framework whose design decisions are each traced to supporting evidence. Implementation and empirical validation are
outside the scope of this survey.

Keywords: plastic waste traceability; Extended Producer Responsibility; distributed ledger technology; molecular taggants; digital
product passport; machine learning; circular economy; GS1 EPCIS

Abbreviations: CNN, convolutional neural network; DLT, distributed ledger technology; DPP, digital product passport; EPCIS,
Electronic Product Code Information Services; EPR, Extended Producer Responsibility; ESPR, Ecodesign for Sustainable Products
Regulation; IPFS, InterPlanetary File System; LSTM, long short-term memory; MSW, municipal solid waste; NFT, non-fungible token;
NIR, near-infrared.

Terminology. Molecular taggant is the umbrella term for markers resident in the material itself; DNA taggant is the subclass encoding
information in nucleotide sequence; optical identifier denotes printed machine-readable codes. These terms are not interchangeable.
Programme-scale denotes deployment across a state-level or national EPR programme, as distinct from a single municipality.

1. INTRODUCTION

Global plastic waste generation exceeds 350 million tonnes annually, and little re-enters the material economy in usable form [1]. Policy has
responded by shifting end-of-life cost onto the entities placing material on the market. The United Nations Environment Programme frames the
transition as depending less on recycling capacity than on the accounting structures determining where material flows [2].

Two review streams reach that diagnosis from opposite directions. Where information-based plastic tracking is surveyed, the finding is that
physical marking and digital record-keeping matured separately, so a digital record asserting a material property cannot be checked against the
material [3]. Surveys of distributed ledger technology (DLT) in plastic waste management identify the complementary defect: immutability confers
no accuracy on the claim a record contains [4]. Neither literature treats the other’s failure mode as its own concern.

The international legal architecture has not resolved this. The Intergovernmental Negotiating Committee convened under UNEA Resolution 5/14
has met repeatedly without agreeing a binding text, and the reconvened fifth session in Geneva in August 2025 adjourned with the deadlock over
production caps intact [5], [6]. Commentators attribute the collapse partly to a compressed timeline that forced negotiators to litigate
implementation before agreeing scope [7], and argue increasingly that national instruments should not wait [8]. Implementation falls to domestic
regulation.

In India that regulation is the Plastic Waste Management Rules and their amendments, which impose category-wise obligations on producers,
importers and brand owners through a centralised EPR portal [9]. A producer discharges its obligation by acquiring certificates from registered
processors. The quantity behind each certificate is attested, not demonstrated, and nothing lets a regulator, auditor or competitor trace a certificate
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to the material it represents. The European instrument differs structurally — the ESPR mandates DPPs for regulated product groups [10] — but
shares the verification problem.

1.1 Research gap

Recent reviews cover adjacent ground competently. DPP surveys map the regulatory and data-model landscape [11], bibliometric analyses chart
growth after the European Green Deal [12], and structured reviews catalogue use cases by sector [13]. All three treat the digital record as the object
of study. None treats the binding between physical material and digital record as the problem, and none brings the molecular marking literature
into contact with the ledger literature. The gap addressed here is therefore not an absence of work on traceability, but an absence of work across
the seam where traceability fails.

1.2 Contributions

We separate two categories. Items 1-4 are findings of the survey; item 5 is a design artefact derived from them and is not claimed as a survey
result.

1. A systematic review of 45 sources (2023-2026) spanning four communities not previously reviewed together, under the protocol of
Section 2 and appraised in Section 3.6.

2. A four-layer analytical framework and taxonomy organising the comparison in Section 3.

3. A comparative evaluation of six configurations against six capability criteria (Section 4.2), showing that none satisfies all six and
isolating survivability through reprocessing as the neglected criterion.

4. Identification of the field’s limiting constraint as evaluative, with a specification of what an adequate benchmark requires (Section 5.3).
5. A reference framework instantiating the missing composition, each decision traced to supporting evidence (Section 4.3, Table 4).

Section 2 states the review protocol; Section 3 surveys the literature by layer and appraises its quality; Section 4 derives the evidence-derived
reference framework; Section 5 discusses cross-cutting findings; Sections 6-8 cover advantages, social welfare and future work; Section 9
concludes.

2. REVIEW METHODOLOGY

2.1 Databases and search strategy

Searches covered IEEE Xplore, ScienceDirect, SpringerLink, MDPI and Nature Portfolio; ACM Digital Library coverage came by reference
chaining. Four Boolean strings were used, one per layer, each with a 2023-2026 filter:

. S1 (physical): (“molecular taggant” OR “DNA taggant” OR “chemical tracer” OR “fluorescent marker”) AND (plastic OR polymer)
AND (traceability OR authentication OR sorting)

. S2 (identifier): (“digital product passport” OR “QR code” OR “digital watermark” OR EPCIS) AND (plastic OR packaging OR “circular
economy”’)

. S3 (ledger): (blockchain OR “distributed ledger” OR “Hyperledger Fabric” OR “non-fungible token”) AND (“supply chain” OR
traceability OR “waste management™)

. S4 (analytics): (“deep learning” OR “machine learning” OR CNN OR LSTM OR “anomaly detection”) AND (“waste classification”
OR “waste generation forecasting” OR “plastic sorting” OR “fraud detection”)

A fifth string covering EPR and treaty instruments was applied to policy sources.
2.2 Inclusion and exclusion criteria

Inclusion. (i) Published 2023-2026; (ii) peer-reviewed journal article, peer-reviewed conference paper, or official standards or regulatory
instrument; (iii) reports a technical method, systematic review, or binding requirement bearing on one of the four layers; (iv) English language;
(v) full text retrievable.

Exclusion. (i) Vendor white papers, patents and trade press; (ii) unreviewed preprints; (iii) studies where the waste application is incidental; (iv)
architectural proposals with neither evaluation nor systematic review; (v) duplicates and extended versions of included conference papers.

Standards and government instruments are exempt from criterion (iii), cited as primary sources for regulatory fact rather than research
contributions.

2.3 Selection process

Figure 1 records the selection flow. Searches returned 312 records; deduplication removed 58; screening on title and abstract removed 143, mostly
studies where waste was an incidental application domain plus proposals lacking evaluation; full-text assessment of the remaining 111 removed
66, chiefly for failing criterion (iii). Forty-five sources were retained. That figure is an outcome, not a target: each retained study directly addressed
one or more layers of the analytical framework, and no source meeting that condition was excluded on grounds of count.
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Figure 1. PRISMA-style flow of study identification, screening, eligibility assessment and inclusion. Counts at each stage appear in parentheses;
boxes on the right record the number excluded and the dominant reason. Of 312 records identified across five databases, 45 were retained for
synthesis.

2.4 Quality appraisal criteria

Included studies were appraised on five attributes: study type; evidence base; validation method; principal strength; principal limitation. No
composite score was computed, the corpus spanning experimental, review and design-science work whose evidence is not commensurable on one
scale. Results appear in Section 3.6, once the studies are introduced.

Of the 45 retained sources, 32 (71%) appeared in Q1/Q2 journals, 8 (18%) in peer-reviewed conference proceedings, and 5 (11%) are standards
or regulatory instruments. Most date from 2024-2026, reflecting both the recent acceleration of research and, for the ledger and passport work,
the EU ESPR entering force in July 2024.

3. LITERATURE SURVEY

This section compares the four layers instead of describing studies serially, and each subsection closes with a comparative statement. Figure 2
gives the organising taxonomy.

3.1 Regulatory instruments as engineering requirements

Regulatory instruments determine what a traceability system must prove, so we treat them as requirements. The two dominant regimes differ
decisively: the ESPR mandates DPPs at product-group granularity with specified information and operational requirements [10], while the Indian
regime is certificate-based, aggregating at the tonne [9]. Requirements analyses find the binding constraints are not storage or identification but
data ownership, granularity and update semantics — who writes which fields at which lifecycle stage [14].

This structural difference has a consequence easy to overlook. A certificate regime creates a fungible tradable instrument, and fungibility is exactly
what makes double-claiming attractive; the passport model carries no such property. Systems designed against the European requirement will not
transfer to the Indian one until they address an adversary the European design never faces.

Deployment context adds constraints. MSW management in India combines a large informal collection sector with uneven municipal capacity and
thin digital infrastructure at the collection point [15], and critical reviews of circular economy frameworks warn that formal traceability can displace
informal livelihoods when it works as a gatekeeping mechanism [16]. Any proposal must therefore be judged on whom it excludes, not only on
what it detects.
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3.2 Physical layer: molecular taggants

A molecular taggant belongs to the material, not the packaging. Three families are in commercial or near-commercial use: fluorescent tracer
particles read by modified NIR sorters, taggant masterbatches compounded into the polymer, and elemental or chemical signatures [3]. DNA
taggants form a fourth, distinguished by carrying information as well as a signature [17]. Table 1 compares them on the dimensions determining
deployability.

Table 1. Comparison of molecular taggant families.

Family Information Read instrument Survives Principal limitation
capacity reprocessing

Fluorescent tracers [3] | Class signature | Modified NIR sorter Partial No article identity; sorter
retrofit

Taggant masterbatch | Batch level Dedicated reader Yes Alters material spec; supplier

[3] lock-in

Elemental  signature | Signature only | Spectroscopic Yes Costly instrument; low

[3] discrimination

DNA taggant [17]- | Article level, | PCR/sequencing; lateral- | Yes, encapsulated Assay cost, latency, lab

[19] encoded flow emerging dependence

The evaluation the traceability literature has never performed concerns that final column. Surveys of the DNA tagging market document
commercial deployment in brand protection and fuel marking, silica encapsulation supplying the robustness bare oligonucleotides lack [17]. Recent
work moves the read operation towards a field test using hybridization-encoded tags with lateral-flow readout [18]. The most careful assessment
of the trade-off space finds no universal configuration: encapsulation maximises protection at the cost of accessibility, and supply chain tracking
needs cheaper, faster read paths than high-security applications tolerate [19].

Several practical limitations follow. Read economics dominate: the binding cost is assay, not tagging, incurred per verification rather than per
article. Latency precludes checkpoint use: the fastest published readouts exceed the dwell time of a custody handover. Regulatory acceptance
is unestablished: not one source in the corpus shows a molecular assay accepted as compliance evidence by any regulator. So a DNA taggant is
an adjudication technology, suiting contested identity rather than routine operation; architectures proposing molecular verification at every transfer
misread the economics in [19].

3.3 Identifier layer: optical codes and passports

Optical identifiers are the pragmatic counterpart: cheap, readable on commodity hardware, readable by non-specialists. Their weakness is
categorical — a printed code belongs to the surface and does not survive shredding, washing or extrusion [3]. That asymmetry against Section 3.2
is the structural fact this survey turns on.

Interoperability here rests on the GS1 EPCIS standard, whose 2.0 revision defines object, aggregation, transaction and transformation event types
permitting exchange without bilateral integration [20]; recent work extends it towards knowledge-graph representation [21]. Against that substrate,
the three most substantial DLT-backed passport contributions each solve something different. A two-year design-science study produced an end-
to-end DPP prototype for textiles, articulating principles for binding upstream transformation to downstream record [22]. Multi-blockchain
implementations with decentralised identifier providers address identity portability across consortia [23]. An NFT-enabled passport for
construction waste demonstrates cross-jurisdictional trading, the closest analogue to EPR certificate trading [24].

These solve identity, portability and transferability respectively; none addresses persistence. The passport literature has optimised every property
of the identifier bar the one that fails first.

3.4 Ledger layer

DLT is the most mature of the four literatures, and the most prone to overclaiming. The question is not immutability, which holds by construction,
but whether throughput and operational complexity suit programme-scale volumes.

Comparative analysis of Ethereum and Hyperledger Fabric establishes the order-of-magnitude gap between public and permissioned architectures
under equivalent workloads [25]. A cold-chain implementation reports stable operation under sustained load, query transactions substantially
outperforming invoke transactions [26]; that asymmetry matters, because verification queries dominate once a traceability ledger is populated.
Benchmarking on heterogeneous hardware — the realistic municipal condition — finds throughput sensitive to peer specification and endorsement
policy in ways idealised benchmarks conceal [27]. A food-processing framework demonstrates the multi-organisation governance EPR requires
[28], and a survey of Fabric business cases catalogues recurring deployment patterns and failure modes [29].

Reading these together exposes two things the individual papers do not. The reported figures are not comparable: hardware, endorsement policy,
topology and workload mix all differ, and no study reports the others’ configuration. The second point matters more — this literature evaluates
ledger performance in isolation from the capture layer feeding it, so the end-to-end latency an operator would experience goes unreported
throughout.

Storage is the standard constraint. On-chain storage grows without bound and every full node bears the cost, so evidence artefacts sit off-chain
with only a content identifier committed. Work on collaborative on-chain/off-chain storage using IPFS quantifies the reduction in ledger growth

IJERTV 15] S100696 Page 4
(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



Published by :
https://lwww.ijert.org/
An International Peer-Reviewed Jour nal

International Journal of Engineering Research & Technology (IJERT)
I SSN: 2278-0181
Vol. 15 Issue 10, October - 2026

[30]. Its integrity guarantee is routinely overstated: committing a content identifier proves the artefact unaltered since commitment, but says
nothing about authenticity at creation.

3.5 Analytical layer

Classification. Hyperspectral sensing with machine learning has been evaluated across eight polymer types including bioplastics, under artificial
and natural illumination — illumination proving a material determinant of accuracy [31] — and applied to mixed municipal streams for stream-
level characterisation [32]. On commodity hardware, MobileNetV2 shows lightweight architectures suited to edge inference remain competitive
[33], and hybrid CNN ensembles report higher accuracy on curated datasets [34]. Detection-and-classification pipelines have been assessed for
sorting-line deployment [35], and shape-based detection proposed for chemically similar polymers such as PET and PET-G that defeat NIR
discrimination [36]. A recent review situates these against the computational bottleneck of industrial deployment [37], and comparative k-fold
evaluation gives the most defensible relative ranking available [38].

Grouped rather than listed, these studies divide by sensing modality far more than by algorithm — and modality carries the deployment constraint.
Spectroscopic approaches achieve material discrimination unavailable to RGB, at instrumentation and throughput costs that shut them out of the
collection point. That trade-off, not accuracy, is the operative comparison. No individual study makes it.

Forecasting. Multi-model approaches to MSW generation and recycling demand project capacity over decadal horizons [39]. LSTM models with
downstream risk assessment report mean absolute percentage errors in low single digits against multi-decade series [40]; transformer and multi-
layer perceptron approaches are competitive [41]. A systematic review notes the field’s dependence on socioeconomic covariates that are
themselves forecast [42], and bidirectional LSTM ensembles address regime change [43].

Set side by side, these studies share a resolution mismatch none of them frames as a limitation. All forecast generation, at municipal or regional
aggregation and monthly or annual resolution. Forecasting accumulation at grid-cell and weekly resolution — where collection decisions are made
— is a different problem, and no reviewed source establishes the transfer.

Anomaly detection. Labelled instances of fraudulent compliance claims do not exist in quantity, so applicable methods are unsupervised or semi-
supervised. Semi-supervised supply chain fraud detection addresses this label-scarcity regime by iteratively expanding a small labelled set [44].
A critical analysis combining review with empirical validation finds supervised ensembles dominate where labels exist, isolation-based methods
where they do not [45].

Set reported sensitivity against unreported precision and the difficulty is plain. In an unlabelled compliance setting the fraud base rate is unknown,
so the flag-to-violation ratio cannot be estimated in advance — and a false positive costs the audited party, not the system operator. No reviewed
source reports a calibration procedure for this asymmetry.

3.6 Quality appraisal of the reviewed evidence

Table 2 applies the criteria of Section 2.4 to a representative subset, selected to span the four layers and every evidence type in the corpus —
primary experimental work, critical review, design science, comparative benchmarking and method development — so the appraisal reflects the
range of warrant on offer rather than the strongest instances of any one kind.

Table 2. Quality appraisal of representative included studies.

Ref. | Study type Evidence base Validation Strength Limitation
[17] | Market/technology Published and commercial | Narrative synthesis Breadth across | No primary experiment
review sources deployed applications
[18] | Primary experimental | Laboratory-synthesised Laboratory readout | Field-deployable read | Not tested in a waste
tag library trials path stream
[19] | Critical review Cross-technology Comparative synthesis Explicit trade-off | No quantitative
literature analysis benchmark
[22] | Design science Textile  supply chain | Two-year prototype | End-to-end coverage Single sector; no external
instantiation demonstration validation
[25] | Comparative Synthetic transaction | Throughput and latency | Direct platform | Configuration-specific
benchmark workload measurement comparison results
[31] | Primary experimental | Eight polymer types, two | Accuracy on own held- | Quantifies illumination | Laboratory samples; no
lighting conditions out data effect shared benchmark
[33] | Primary experimental | Public waste-image | Hold-out accuracy Lightweight, edge- | Curated imagery
dataset deployable
[40] | Experimental Multi-decade  municipal | Error vs. observed Low reported error Single city; annual
modelling series resolution
[44] | Method development | Supply chain transaction | Semi-supervised Addresses label | Not a  waste-domain
data evaluation scarcity directly dataset
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The appraisal exposes a pattern worth naming. Validation is internal in every primary study — each reports against its own data, none against a
shared reference. And the strongest evidence sits in the layers of weakest deployment relevance: laboratory-validated molecular work and
benchmark-validated ledger work both stand further from the collection point than the conditions either would face.

N

[ XY Plastic waste traceability enablers

Physical layer Identifier layer Ledger layer Analytical layer
what is in the material what is on the item who recorded what what the data means
Fluorescent EI'(;E! Optical codes Permissioned Vision & spectral
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Cross-cutting foundations: Identity credentials | Keycustody | Location privacy | GS1EPCIS 2.0 vocabulary

Figure 2. Taxonomy of plastic waste traceability enablers derived from the 45 reviewed sources, organised into the four layers used throughout
Section 3. Each layer answers a distinct question: the physical layer what can be asserted about the material, the identifier layer who may assert it,
the ledger layer whether the assertion can later be revised, and the analytical layer whether it is plausible. Bracketed examples name technologies
appearing in the corpus.

4. EVIDENCE-DERIVED REFERENCE FRAMEWORK

4.1 Cross-layer synthesis

Table 3 consolidates Section 3.

Table 3. Synthesis across the four layers.
Layer Dominant methods Strength Characteristic failure Compensated
by

Physical [3], [17]- | Tracers; masterbatch; DNA | Persists through | Read cost and latency preclude | Identifier layer
[19] taggants reprocessing routine use
Identifier [3], [20]- | Optical codes; DPPs; EPCIS | Zero-instrument, non- | Destroyed by reprocessing Physical layer
[24] vocabulary specialist read
Ledger [25]-[30] Permissioned ledgers; token | Prevents retroactive | Cannot assess truth at time of | Analytical layer

registries; IPFS revision writing
Analytical [44], | CNN; LSTM; unsupervised | Assesses plausibility of | Requires a trustworthy record to | Ledger layer
[31]-[45] detection claims assess

Look down the last column and the regularity is hard to miss: in every row the failure is compensated by a layer the study in question does not
employ. We term this the composition gap. It differs from the limitations documented within each literature, and no improvement to any single

component will close it.
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4.2 Comparative capability assessment

Figure 3 evaluates six configurations against six criteria derived from Sections 3.1-3.5.

Selected enablers ((.)) O\ v ’ z;
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Figure 3. Capability comparison of six traceability configurations against six criteria. The criteria derive from the regulatory requirements of
Section 3.1 (item-level granularity, external verifiability) and the technical constraints of Sections 3.2-3.5 (survivability, resistance to unilateral
revision, marginal cost, specialist independence). Ratings were assigned through qualitative synthesis of evidence from the reviewed literature
rather than quantitative scoring, and are not measurements. The discriminating column is survives reprocessing, where every configuration built
on optical identifiers alone fails categorically.

The comparison is informative in three ways. Aggregate self-declaration fails every evidentiary criterion yet scores well on cost and usability —
which explains its persistence rather better than accounts resting on weak enforcement. Adding a permissioned ledger to an optical-code system
improves revision-resistance and external verifiability, but changes nothing about survivability, a property fixed at the physical layer. And no
configuration reaches the highest rating on all six; the composite comes closest only by accepting moderate cost and specialist-independence.

4.3 A reference framework and its evidential basis

Table 4 states each design decision alongside the evidence requiring it, answering the concern that architectural proposals in this field are asserted
rather than derived.

Table 4. Design decisions and their evidential basis.

Design decision Evidence Reasoning

Assay as exception path [19] Assay cost and latency govern taggant economics
Optical identifier for routine events [3], [20] Only option readable without instrumentation
Permissioned ledger for custody [25]-[29] Throughput and role-based write authority

Public token registry for compliance [9], [24] Irreversible retirement removes fungibility
Content-addressed off-chain evidence [30] On-chain artefact storage is unbounded
Lightweight CNN at capture [33], [37] Spectroscopic accuracy unavailable in the field
Anomaly score to human review [44], [45] Precision unmeasurable without labels
Commodity smartphone capture [15], [16] Specialised terminals exclude informal collectors

Figure 4 presents the resulting layered structure.
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Figure 4. Evidence-derived reference framework comprising six operational layers mapped onto the four analytical layers introduced in Section
3, with capture and reporting separated out. L1-L2 are physical and operational; L3-L4 provide the tamper-evident record; L5 interpretation and
L6 the regulatory interface. Cross-cutting concerns at the foot — credentialing, key custody, location privacy, event vocabulary — belong to no
single layer and are the most common source of integration failure.

At L1 each article carries an optical identifier and, for regulated categories, a taggant compounded into the polymer; the identifier encodes article,
manufacturer, declared resin, batch and a salted hash of the taggant sequence — never the sequence itself. At L2 an operator reads the identifier
on commodity hardware, the device recording image, position, time and credential. At L3 the event is committed as an EPCIS 2.0 event [20], [21],
with a token operation where compliance status changes. At L4 image and position records go to content-addressed storage, only the identifier on-
chain [30]. At L5 three models operate: resin inference [33], [34], accumulation forecasting [40], [43], and plausibility scoring [44], [45]. At L6
evidence is rendered in the regulator’s format, every figure resolvable to constituent events.

Operationally the framework executes in six sequential stages: article identification, capture, ledger registration, evidence storage, analytical
assessment, and regulatory reporting. Molecular verification is invoked only as an exception path when identity is disputed, per the read economics
of [19]; anomaly detection triggers human review only for flagged claims, per the precision limitation of [44], [45]. Ordering matters within that
sequence: classification precedes ledger commitment so the inferred resin class enters the immutable record, evidence pinning precedes it so the
content identifier is available to the transaction, and scoring follows commitment, a claim being well-formed only once its constituent events exist.
4.4 Scope and status of the framework

Table 4 specifies a framework, not a validated system. Its warrant is derivational: every decision follows from evidence in the surveyed corpus,
the reasoning stated so both can be contested — a weaker warrant than empirical validation, and no substitute for it. Validation is deliberately
outside this survey’s scope, for the reason the survey itself identifies: without shared benchmarks, an isolated evaluation of one system would
reproduce the incommensurability of Section 5.3 instead of remedying it.

Three limitations are structural. Taggant synthesis and assay require a molecular marking partner and lie outside any software specification.

Accumulation forecasting faces a cold start, since the event stream it depends on does not exist before deployment. The anomaly component cannot
be validated without labelled fraud instances, so no detection rate is claimable.

5. RESULTS AND DISCUSSION
This section reports three results emerging from the corpus as a whole, not visible in any individual study.
5.1 Reported ledger throughput does not scale to programme demand
Table 5 collects the reported throughput.

Table 5. Transaction throughput reported in the reviewed ledger literature.

Study Platform and configuration Reported throughput (tx/s)
[25] Ethereum, public network ~30
[27] Hyperledger Fabric, heterogeneous hardware ~300
[26] Hyperledger Fabric, cold-chain (query transactions) ~442
[30] Hyperledger Fabric with IPFS off-chain storage ~1500
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Note: Reported transaction throughput values originate from independent studies conducted under different hardware configurations,
endorsement policies, and workloads; they should therefore be interpreted as indicative rather than directly comparable. Set against demand, they
reassure at municipal scale and less so beyond it. Assuming six checkpoints per article across a year — an arithmetic projection, not a forecast —
a single ward generates well under one transaction per second, while a state-level programme handling a billion articles annually approaches
several hundred. Although these values appear sufficient under average operating conditions, real deployments experience peak workloads that
may substantially reduce effective throughput. Hence the case for hierarchical or partitioned deployment over a monolithic ledger — an argument
no individual study can make, each evaluating one network alone.

5.2 Sensing modality, not architecture, determines deployability
Table 6 collects the reported accuracy.

Table 6. Classification accuracy reported in the reviewed sorting studies.

Study Method Sensing modality Reported accuracy range (%)
[33] MobileNetV2, 6-class recyclables RGB 88-96
[34] Hybrid and enhanced CNN ensemble RGB 90-97
[35] Detection-and-classification pipeline RGB 84-93
[36] Shape-based detection, PET vs. PET-G RGB 91-99
[31] Classical ML, eight polymer types Hyperspectral 88-98
[32] Machine learning, mixed MSW stream Hyperspectral 85-96

Values span the configurations each study reports on its own held-out data. Although generally high, they are not comparable between rows:
datasets, acquisition conditions and evaluation protocols differ substantially, and no common test set exists. What the table does show is that
accuracy varies less by architecture than by modality — and modality carries the deployment constraint: spectroscopic methods achieve
discrimination unavailable to RGB, at an instrumentation cost and data volume that exclude the collection point [37]. A designer choosing on
reported accuracy alone would select on the least informative dimension available.

5.3 The evaluation gap and what an adequate benchmark requires

This survey’s sharpest result is negative, and Tables 5 and 6 are its evidence. No two classification studies share an evaluation set; no two ledger
studies share a configuration. Section 3.6 shows the same from the appraisal side. Anomaly detection is worse, absent ground truth making
detection performance unmeasurable so studies fall back on proxies [44], [45]. Forecasting is healthier — municipal series are publicly reported,
errors computed against observation [40]-[42] — but the resolution mismatch of Section 3.5 persists.

An adequate benchmark would require four components. A common dataset captured at operational collection points rather than in the laboratory,
spanning the resin classes the regulation distinguishes, with documented acquisition conditions and class balance. A standard protocol fixing the
train/validation/test partition, prohibiting test-set reuse for model selection, and specifying how out-of-distribution material is handled. Shared
metrics matched to the operational cost structure — for compliance, precision and false-positive burden alongside accuracy, since a false flag
costs the audited party. And a reproducible reference implementation with released code, fixed seeds and declared hardware. Addressing this
evaluation gap would substantially improve the reproducibility and comparability of future plastic waste traceability research.

None of these exists. The field therefore cannot answer the question a designer most needs answered — which method to select — and the maturity
signalled by high reported accuracies is partly an artefact of evaluation on favourable data. Benchmark construction is consequently the field’s
most urgent methodological need, and a more valuable near-term contribution than any incremental architectural proposal, including the framework
of Section 4.3.

5.4 Threats to validity

Several caveats bear on how far these findings travel. The corpus covers only English-language sources in the five databases of Section 2.1, under-
representing regional venues in the jurisdictions carrying the highest waste burdens. ACM coverage came by chaining rather than direct query, so
the computing-for-sustainability community may be thinner here than it should be. The four-layer framework is our imposition on a literature that
does not organise itself this way; a different decomposition would foreground different gaps. The ratings in Figure 3 and the appraisal in Table 2
are also qualitative judgements over heterogeneous evidence, and readers weighting the criteria differently would reach different conclusions.

6. ADVANTAGES OF THE EVIDENCE-DERIVED FRAMEWORK
These are architectural properties entailed by the framework of Section 4.3, each with its enabling condition — not empirical claims.
Item-level evidence. Every custody transfer yields a discrete event bound to an article identifier, so a compliance figure aggregates independently
inspectable records — conditional on checkpoint coverage, since a chain with gaps yields aggregations no more trustworthy than the declarations

they replace.

Structural prevention of double-claiming. Compliance status held as a token whose retirement is irreversible causes a second claim to fail at
submission, addressing the fungibility problem of Section 3.1 [9], [24]. Provided that the article entered the registry at production.
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Verification without trusting the operator. A public registry and content-addressed evidence let an outsider confirm that a stated figure follows
from committed events and that the referenced evidence is unaltered [30]. Accuracy at the time of writing remains unestablished — the residual
trust assumption, and the reason the physical layer exists.

An appeal mechanism for reprocessed material. Once material is reprocessed the optical identifier is gone, and a material-resident taggant is
the only reviewed technology with anything to offer [17]- [19].

Inherited interoperability. The EPCIS 2.0 vocabulary [20] permits integration without bilateral mapping and makes the event stream consumable
by standard-conformant tools [21].

Bounded participation cost and auditable output. A commodity smartphone as capture device keeps informal collectors inside the system —
decisive for equitable implementation [15], [16] — while committing the classifier’s inference alongside the event gives later composition disputes
a tamper-evident record naming the responsible model version.

7. SOCIAL WELFARE IMPLICATIONS OF THE EVIDENCE-DERIVED FRAMEWORK
The welfare argument concerns who bears the cost of an unverifiable system. Each point ties to reviewed evidence; none projects outcomes.

Environmental integrity of compliance. Where obligations are dischargeable on paper, the marginal tonne a producer is nominally responsible
for may never be recovered [9]. Verifiability shifts the cheapest compliance route from paperwork to operations. The size of that shift is
unknowable in an unverifiable system — which is itself the argument for building the measurement.

Occupational recognition for informal collectors. Much of the plastic recovered in India passes through informal hands whose contribution is
invisible in official statistics [15]. A credentialed collection event produces a durable record of individual contribution as a by-product — which
depends on inclusive credentialing, making the smartphone constraint of Table 4 a welfare requirement rather than a convenience [16].

Public accountability. A public registry lets civil society, journalists and researchers audit corporate claims without institutional cooperation —
among the few instruments available while the international process stalls [5]-[8].

Service efficiency and exposure reduction. Accumulation forecasting, subject to the resolution caveat of Section 3.5, would let collection
resources be positioned prospectively, with gains accruing disproportionately to under-served areas — the same settlements where uncollected
plastic drives drain blockage, localised flooding and open burning [15].

Traceability also generates location traces of individuals engaged in collection work, and such traces are sensitive. The welfare case is contingent
on privacy design that no reviewed source provides, and we treat it as open.

8. FUTURE ENHANCEMENT

This survey proposes neither an implementation nor a validation study. Instead, it identifies several research needs based on the reviewed literature.
These include the development of a shared classification benchmark under real deployment conditions, field-deployable molecular read paths, and
end-to-end latency evaluation from molecular readout to ledger commitment. The review also highlights the need for operational-scale
accumulation forecasting, privacy-preserving analytics using federated learning, and reliable calibration methods for unlabelled anomaly detection.
Finally, it suggests extending the proposed approaches to other waste streams, including electronic waste, batteries, and textiles, which face similar
verification challenges.

9. CONCLUSION

EPR requires producers to prove something that current systems cannot check. The principal obstacle is the absence of composition among existing
approaches, not the absence of any particular technology.

Under a PRISMA-style protocol we screened 312 records and reviewed 45 sources drawn from four literatures that do not cite one another. No
reviewed configuration satisfies all six capability criteria derived from the regulatory requirements, and the discriminating criterion — survival
through mechanical reprocessing — is failed categorically by every identifier-only approach. Each layer’s characteristic failure is compensated by
a layer that studies in that layer do not employ. The limiting constraint, though, is evaluative: appraisal confirms that validation is internal in every
primary study, so reported accuracies and throughputs are incommensurable, and claims about the maturity of Al-enabled waste traceability
describe particular datasets instead of the world. We specify the four components an adequate benchmark requires.

Separately, we derive a reference framework instantiating the missing composition, each decision traced to its evidential basis. That framework is
a specification offered as such; its validation, and the benchmark work that would make validation meaningful, remain open.
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