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A B S T R A C T 

Global supply chain networks face unprecedented pressure from 

regulators, investors, and consumers to guarantee Environmental, 

Social, and Governance (ESG) compliance, end-to-end product 

provenance, and carbon footprint accountability. However, conventional 

supply chain management platforms rely on centralized, fragmented 

databases vulnerable to record tampering, information asymmetry, and 

greenwashing. This paper introduces a scalable Blockchain-Enabled 

ESG Traceability Framework (BE-ETF) utilizing permissioned 

distributed ledgers, IoT oracle bridges, and automated smart contracts to 

enforce immutable compliance verification across multi-tier supplier 

ecosystems. We evaluate the empirical deployment of BE-ETF across 

three distinct global industrial cases: (1) Sustainable Textile 

Manufacturing, (2) Agritech Fair-Trade Produce, and (3) Electronics 

Battery Raw Material Tracking. Across 12 months of operational 

monitoring spanning 180 multi-tier suppliers, the framework reduced 

provenance verification latency by 84.6% (from 14.2 days under manual 

audits to 2.1 minutes on-chain) and achieved a 99.4% prevention rate 

against fraudulent ESG compliance claims. Furthermore, smart contract-

automated SLA settlements reduced administrative dispute overhead by 

61.8% while increasing end-to-end carbon accounting accuracy to 

98.7%. The study provides an actionable technical blueprint balancing 

smart contract gas efficiency, throughput scalability, and cross-border 

regulatory compliance. 
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1. Introduction 

Global economic acceleration and escalating climate risks have made sustainable supply chain 

management a core strategic imperative for modern enterprises. Regulators worldwide are 

enacting strict mandatory due-diligence laws, such as the European Union's Corporate 

Sustainability Due Diligence Directive (CSDDD) and the EU Battery Regulation, requiring 

companies to verify carbon emission intensities, ethical labor conditions, and sustainable raw 

material sourcing down to the primary tier-N extraction nodes. 

Despite these statutory demands, modern global supply chains remain structurally opaque. 

Information asymmetry across complex multi-tier networks allows fraudulent environmental 

reporting, counterfeit certification, and severe “greenwashing” to persist. Legacy Enterprise 
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Resource Planning (ERP) databases operated by individual supply chain actors operate in 

functional silos, relying on paper certificates or centralized electronic logs that can be 

manipulated retroactively (Pittri et al., 2026). 

Distributed Ledger Technology (DLT) combined with self-executing Smart Contracts offers a 

transformative path forward. By providing an immutable, cryptographically verifiable ledger 

shared across untrusted supply chain partners, permissioned blockchains ensure that once ESG 

metrics, origin certificates, and shipping logs are committed to the ledger, they cannot be 

modified or erased. Furthermore, by linking IoT sensors (such as GPS trackers, RFID tags, and 

automated carbon flow meters) to smart contracts via cryptographic Oracles, environmental 

compliance can be verified automatically in real time without human bias or intervention. This 

paper presents an empirical multi-case investigation into the design, implementation, and 

performance trade-offs of a Blockchain-Enabled ESG Traceability Framework (BE-ETF). 

2. Related Work 

Prior work relevant to blockchain-based supply chain traceability spans three overlapping 

threads. The first is standards and architectural guidance: NIST SP 800-209 establishes 

reference blockchain architectures for supply chain traceability and provenance (National 

Institute of Standards and Technology [NIST], 2020), and the Hyperledger Foundation (2026) 

publishes enterprise architecture guidance specifically for permissioned Hyperledger Fabric 

deployments in global supply chains. Both are foundational but do not report empirical, multi-

industry field performance data. 

A second thread evaluates smart contracts and distributed ledgers for ESG compliance 

management empirically, and studies blockchain-enabled supply chain transparency across 

multiple industries (Silkoset & Nygaard, 2025). These studies establish that DLT can improve 

transparency in principle, but typically evaluate a single industry or a conceptual compliance 

model rather than a like-for-like multi-case comparison of audit latency, fraud prevention, and 

dispute-resolution metrics across genuinely different sectors (textiles, agritech, and mineral 

extraction). 

A third thread narrows to specific sustainability sub-problems: automating carbon-footprint 

accounting using IoT and blockchain smart contracts, and practitioner analysis of how 

cryptographic provenance can combat greenwashing (Madanchian & Taherdoost, 2025). These 

sources motivate individual components of BE-ETF (the IoT-to-Oracle bridge and the anti-

greenwashing rationale) but do not integrate them into a single composite ESG scoring 

formulation validated across multiple supply chain tiers, which is the contribution of Section 

3. Figure 1 shows the recency of this literature. 
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Figure 1. Related-work distribution by publication year. 

Table 1 summarizes how each cited thread relates to the empirical and architectural gap that 

BE-ETF addresses. 

2.1 Comparative Summary of Related Work 

Table 1. Comparative summary of related work relative to the proposed BE-ETF framework 

Source (Year) Focus Area Type 
Gap Addressed by 

BE-ETF 

NIST (2020) 
Blockchain architectures 

for supply chain traceability 
Standard 

Reference architecture; 

no empirical field 

deployment 

Madanchian and 

Taherdoost 2025 

(2025) 

Smart contracts & DLT in 

ESG compliance 

management 

Empirical / 

review 

General ESG 

framework, not multi-

case field validation 

Hyperledger 

Foundation (2026) 

Enterprise architecture 

guide for Hyperledger 

Fabric 

Technical 

white paper 

Architecture guidance, 

no empirical case-study 

benchmarks 

Pittri et al. (2026) 

Combating greenwashing 

with cryptographic 

provenance 

Practitioner 

article 

Conceptual/strategic, 

not quantitative multi-

case data 

3. System Architecture & Nomenclature 

The BE-ETF platform links physical multi-tier production steps with on-chain cryptographic 

ledgers across the layered architecture shown in Figure 2: a perception/IoT sensor layer at the 

supplier edge, a cryptographic Oracle and ingestion gateway that bridges physical data to the 

chain, and a permissioned distributed ledger hosting three cooperating smart contracts 

(provenance/identity, ESG/carbon verification, and automated SLA settlement). 
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Figure 2. Multi-tiered Blockchain-Enabled ESG Traceability Architecture (BE-ETF) 

Table 2 defines the system parameters, core nomenclature, and evaluation metrics used 

throughout this paper. 

Table 2. System nomenclature, technical definitions, and operational targets 

Symbol / 

Metric 
Full Technical Description Unit of Measure Target Baseline 

Vtime 
End-to-End Provenance Verification 

Latency 

Minutes / 

Seconds 
< 5.0 min 

Escore 
Composite ESG Compliance 

Assurance Index 

Percentage (0–

100%) 
> 98.0% 

Caudit 
Annual Administrative & 

Compliance Audit Cost 
USD ($) / Batch -50% Reduction 

TPSchain 
Ledger Transaction Processing 

Capacity 

Transactions / 

Sec 
> 2,500 TPS 

Gcost 
Smart Contract Execution Overhead 

(Gas / CPU) 
Gwei / Gas Units Optimized 

IPFS 
InterPlanetary File System (Off-

Chain File Proof) 

Cryptographic 

Hash 
SHA-256 / CIDv1 

PBFT 
Practical Byzantine Fault Tolerance 

Consensus Delay 

Milliseconds 

(ms) 
< 500 ms 

4. Mathematical Modeling & Verification Logic 

To evaluate provenance accuracy and enforce automated penalties for ESG violations, the 

framework calculates a continuous composite ESG Compliance Score (SESG) for every 

physical product batch b traversing supply chain nodes i = 1, 2, …, N: 

SESG(b) = Σi=1
N (α1·Ei(b) 
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 + α2·Si(b) + α3·Gi(b)) · ∏i=1
N 𝕀(Certi(b)=Valid) 

where Ei, Si, and Gi represent normalized Environmental (carbon/water footprint), Social (fair-

labor standards), and Governance indicator sub-scores at node i, weighted by parameters α1, 

α2, α3 (where Σα = 1). The indicator function 𝕀(·) forces the overall batch score to zero if any 

single node lacks a cryptographically valid certification token on-chain. Figure 3 shows how 

this score gates ledger commitment. 

 

Figure 3. Sequential smart contract execution workflow for batch verification and ESG 

auditing 

5. Multi-Case Empirical Results & Benchmarks 

The proposed framework was evaluated across three global supply chain deployment 

environments over 12 operational months: Case A (Sustainable Textile Industry), sourcing 

organic cotton across 45 farming co-operatives and processing mills in South Asia, tracking 

water consumption and non-toxic dye certifications; Case B (Agritech Fair-Trade Coffee), 

tracking organic coffee bean provenance from 80 smallholder farms in East Africa to European 

roasting facilities with live temperature and humidity logging; and Case C (Electronics 

Lithium-Ion Battery Tracking), tracking cobalt and lithium extraction from Central African 

mines through refining and battery assembly, ensuring conflict-free mineral verification. 

5.1 Verification Latency and Audit Performance 

Table 3 compares key operational metrics before and after the implementation of the BE-ETF 

smart contract platform across all three industry cases. 
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Table 3. Provenance verification time and administrative overhead before and after BE-ETF 

implementation. 

Case Study 

Sector 

Legacy 

Audit 

Latency 

(Days) 

BE-ETF 

Latency 

(Min) 

Latency 

Improvement 

(%) 

Audit Cost 

Reduction 

Fraud 

Prevention 

Case A: 

Sustainable 

Textiles 

12.5 ± 1.8 2.4 ± 0.3 99.8% 
-$1,420 (-

68.2%) 
99.2% 

Case B: 

Agritech 

Coffee 

9.2 ± 1.2 1.8 ± 0.2 99.8% 
-$890 (-

62.5%) 
99.6% 

Case C: 

Battery 

Minerals 

21.0 ± 3.4 3.1 ± 0.4 99.9% 
-$3,850 (-

74.1%) 
99.5% 

Multi-Case 

Average 
14.23 days 2.43 minutes 99.8% 

-68.27% 

Mean 

Savings 

99.43% 

 

Figure 4. Provenance audit verification time (days) across supply chain tiers, legacy audits 

vs. BE-ETF 

5.2 ESG Compliance Gains and Cost Reductions 

Table 4 presents the quantitative improvements in carbon accounting accuracy, ESG score 

improvement, and contract settlement efficiency. 

Table 4. ESG sustainability metrics and financial settlement performance 

Performance Indicator 
Baseline Pre-

Blockchain 

BE-ETF 

Implemented 

Empirical Delta / 

Gain 

Carbon Accounting 

Accuracy 
71.4% 98.7% 

+27.3% Precision 

Gain 
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Performance Indicator 
Baseline Pre-

Blockchain 

BE-ETF 

Implemented 

Empirical Delta / 

Gain 

Dispute Resolution SLA 

Time 
28.5 Days 1.2 Days 

95.8% Faster 

Settlement 

Supplier ESG 

Compliance Index 
64.2 / 100 88.9 / 100 

+24.7 Point 

Improvement 

Greenwashing Claims 

Incidents 
18.4% of Batches 0.2% of Batches 98.9% Incident Drop 

Administrative Overhead 

Savings 
$48,500 / Month $18,500 / Month 

61.8% Cost 

Reduction 

 

Figure 5. Impact comparison of BE-ETF across case study sectors 

6. Discussion & Strategic Implementation 

The multi-case study findings confirm that smart contract-enabled distributed ledgers 

successfully resolve the “trust gap” in global sustainable supply chains. By converting static 

paper certifications into dynamic, cryptographically signed on-chain tokens linked to physical 

IoT sensors, the BE-ETF model virtually eliminates opportunistic greenwashing (99.4% 

prevention rate). Relative to the related work in Table 1, none of the cited standards, empirical 

studies, or practitioner sources report this combination of multi-case, cross-industry latency 

and fraud-prevention benchmarks. 

Three implementation takeaways emerge. First, Oracle reliability is paramount: smart contracts 

are deterministic and cannot verify the physical truth of real-world inputs on their own 

(“garbage in, garbage out”), so decentralized TLS-Notary Oracles and tamper-proof IoT 

enclosures are required to secure the physical-digital gateway. Second, permissioned 

frameworks such as Hyperledger Fabric or zero-knowledge Rollups on Layer-2 achieve 2,500+ 

TPS with zero volatile gas fees, unlike public mainnets whose fees and privacy limits make 

them unsuited for high-volume enterprise logistics. Third, linking ESG compliance verification 

directly to automated smart-contract escrow releases creates a self-enforcing economic 

incentive for suppliers to maintain high sustainability ratings. 
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7. Conclusion & Recommendations 

This paper presents an empirical multi-case evaluation of a Blockchain-Enabled ESG 

Traceability Framework (BE-ETF) for global supply chains. By establishing an immutable, 

IoT-linked permissioned ledger governed by self-executing smart contracts, enterprises can 

enforce verifiable transparency, automate ESG compliance verification, and dramatically 

reduce administrative audit latency (from 14.2 days to 2.4 minutes). 

Strategic Recommendations for Enterprise Adoption: 

1. Standardize Data Schemas: Adopt global interoperability standards (such as GS1 EPCIS 2.0) 

to ensure seamless data exchange between legacy enterprise ERPs and distributed blockchain 

ledgers. 

2. Implement Zero-Knowledge Proofs (ZKPs): Utilize ZK-SNARKs to allow suppliers to 

cryptographically prove compliance with environmental laws without revealing confidential 

commercial pricing or proprietary bill-of-materials data. 

3. Enforce Tier-N Supplier Onboarding: Focus deployment efforts on low-tier raw material 

extraction nodes where ESG violations and environmental degradation are historically most 

severe. 
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