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Abstract
The accelerating integration of sustainability into global trade has intensified the demand for credible, transparent,
and verifiable green audits—particularly for Indian enterprises operating across multiple regulatory jurisdictions.
Traditional environmental auditing mechanisms remain fragmented, manual, and vulnerable to data manipulation,
greenwashing, and jurisdictional inconsistencies. This paper proposes Audit Chain, an integrated framework
combining blockchain-based audit immutability with federated artificial intelligence (Al) to enable secure,
scalable, and privacy-preserving green audits for cross-border enterprises. Using simulated empirical data from
Indian multinational firms across manufacturing, logistics, and export-oriented services, the study examines how
federated learning enhances audit accuracy while preserving data sovereignty, and how blockchain ensures
traceability, trust, and regulatory alignment. Quantitative analysis demonstrates significant improvements in audit
reliability, compliance turnaround time, and cross-border transparency, while qualitative insights reveal strong
managerial acceptance and governance benefits. The findings suggest that AuditChain represents a transformative
pathway for institutionalizing trustworthy sustainability assurance in emerging economies, aligning corporate
environmental accountability with global ESG expectations. The study contributes to green auditing literature by
operationalizing decentralized intelligence and distributed ledger technologies within cross-border audit
ecosystems.
Keywords: Green Auditing, Blockchain, Federated Al, ESG Compliance, Cross-Border Enterprises, Sustainability
Governance, India
1. Introduction
Environmental accountability has evolved from a voluntary corporate commitment to a strategic and regulatory
imperative in global business. For Indian enterprises engaged in cross-border trade, sustainability compliance is no
longer confined to domestic regulations but is increasingly shaped by international ESG standards, carbon
disclosure norms, and environmental due diligence requirements imposed by global value chains. Despite this shift,
green auditing practices remain structurally inadequate to handle the complexity, scale, and data sensitivity of
multinational operations.
Conventional green audits rely heavily on centralized data collection, third-party verification, and periodic
reporting. These approaches face three systemic challenges. First, data fragmentation across jurisdictions
undermines audit consistency. Second, trust deficits arise due to limited transparency and susceptibility to
greenwashing. Third, data sovereignty constraints restrict cross-border sharing of sensitive environmental data,
particularly under emerging data protection regimes.
Recent advances in blockchain technology and federated artificial intelligence (Al) present an opportunity to
reimagine green auditing architectures. Blockchain offers immutable, time-stamped, and verifiable audit trails,
while federated Al enables decentralized learning across organizational units without requiring raw data
centralization. Together, these technologies provide the foundation for Audit Chain—a secure, intelligent, and
jurisdiction-aware green audit framework.
This paper focuses on Indian cross-border enterprises as a critical yet under-researched context. India’s growing
participation in global trade, coupled with increasing ESG scrutiny, creates both urgency and opportunity for
technological innovation in sustainability assurance. The study addresses the following objectives:

1. To conceptualize AuditChain as an integrated blockchain—federated Al framework for green audits

2. Toempirically assess its impact on audit transparency, accuracy, and compliance efficiency

3. To analyze managerial and governance implications for Indian multinational enterprises
By doing so, the paper advances green audit research from descriptive reporting toward technology-enabled
institutional transformation.
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2. Literature Review

2.1 Evolution of Green Auditing in Global Enterprises

Green auditing has traditionally functioned as an extension of environmental management systems, focusing on
regulatory compliance, emissions reporting, and waste management verification. Recent literature emphasizes its
strategic role in ESG governance, risk management, and corporate legitimacy. However, scholars consistently note
limitations related to subjectivity, periodicity, and verification costs, particularly in cross-border contexts where
regulatory heterogeneity prevails.

Studies between 2023 and 2025 highlight that multinational enterprises face growing pressure to produce real-time,
auditable sustainability data, yet lack the infrastructure to do so reliably. This gap is particularly acute in emerging
economies, where audit digitization remains uneven and trust mechanisms are weak.

2.2 Blockchain Applications in Sustainability and Auditing
Blockchain research has increasingly explored its application in supply chain transparency, carbon credit
verification, and ESG reporting. The immutable nature of distributed ledgers enhances trust and reduces audit
manipulation risks. Recent studies demonstrate blockchain’s effectiveness in:

o Ensuring traceability of environmental data

e Preventing post-hoc data alteration

o Enabling multi-stakeholder verification
However, the literature also identifies a critical limitation: blockchain alone does not address data quality,
intelligence, or contextual interpretation, all of which are central to meaningful green audits.
2.3 Federated Al and Privacy-Preserving Analytics
Federated Al has emerged as a powerful paradigm for decentralized learning, allowing multiple entities to
collaboratively train models without sharing raw data. Research from 2023 onward emphasizes its relevance in
regulated industries such as finance, healthcare, and increasingly, sustainability governance.
In green auditing, federated Al enables:

o Cross-border learning without violating data localization laws

o Context-aware anomaly detection in emissions and resource usage

e Adaptive benchmarking across heterogeneous operational units
Despite its promise, empirical applications of federated Al in environmental auditing remain sparse, representing a
significant research gap.
2.4 Integrating Blockchain and Federated Al: Research Gaps
Recent conceptual studies suggest that blockchain and federated Al are complementary: blockchain ensures trust
and immutability, while federated Al delivers intelligence and scalability. Yet, there is limited empirical research
demonstrating their integrated use in real-world green audit systems, particularly in emerging economy contexts.
Existing studies largely focus on either technology in isolation, neglecting governance implications, managerial
adoption, and cross-border compliance dynamics. This paper addresses these gaps by empirically operationalizing
Audit Chain within Indian multinational enterprises.
Table 2.1: Key Literature Themes and Research Gaps (2023-2025)

Theme Key Insights Identified Gap

Green Auditing Strategic ESG relevance Lack of real-time, cross-border systems
Blockchain Transparency, immutability Limited intelligence integration
Federated Al Privacy-preserving analytics Minimal application in sustainability
Integrated Frameworks Conceptual potential Lack of empirical validation

3. Research Methodology

This section outlines the research strategy adopted to conceptualize, prototype, and evaluate the AuditChain
framework within the operational ecosystem of Indian cross-border enterprises. A mixed-methods approach
was used, combining quantitative analysis of green audit data, federated Al modeling, and qualitative
assessment through expert interviews. The methodology was designed to ensure rigor, relevance, and replicability.
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3.1 Research Design
A sequential explanatory design was employed:
1. Phase 1: Quantitative datasets and Federated Al Modeling
o Audit of datasets from prominient Indian multinational enterprises in manufacturing, logistics, and

export services sectors
o Development and testing of a federated Al model across distributed nodes
o Integration of blockchain for audit trail management

2. Phase 2: Qualitative Assessment
o Semi-structured interviews with 15 sustainability officers, audit professionals, and compliance

executives
o Thematic analysis of insights related to audit transformation, transparency, and feasibility of

implementation
3.2 Population and Sampling
Parameter Description
Target Population Indian firms with operations in >2 foreign markets
Sample Size (Quantitative) 12 enterprises (simulated operational nodes)
Sample Size (Qualitative) 15 domain experts (purposive sampling)
Selection Criteria ESG-mandated sectors (textiles, pharma, logistics)
Geographic Scope India (HQ) + International operations (APAC, EU)

3.3 Data Collection and Synthesis

Datasets:
To model federated Al behavior and audit blockchain entries without breaching enterprise confidentiality, model

datasets were used based on real-world parameters, including:
e (COze emissions (Scope 1 and 2)
o Water usage and treatment records
o Hazardous waste generation
e Energy intensity per unit revenue
e ESG violation flags (internal + external audits)
Each dataset represented a “node” in a federated system, corresponding to different global units of Indian
enterprises.
Qualitative Inputs:
A thematic guide was used to collect expert opinions on:
o Feasibility of federated Al integration
o Perceived risks in blockchain-backed audits
e Cross-border compliance implications

3.4 Federated Al Model Architecture

Layer Function

Input Layer Environmental KPIs from local nodes

Hidden Layers (3) Normalization, anomaly detection, thresholding
Aggregation Server Weights aggregation without raw data sharing
Output Layer ESG compliance risk scoring (0—1 scale)

e Algorithm: Federated XGBoost Ensemble
e Training: Each node trained locally; weights aggregated on central coordinator
e Privacy Technique: Differential privacy (¢ = 1.2)
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3.5 Blockchain Configuration for Green Audit Logs

Parameter Specification

Blockchain Type Private (Consortium)

Consensus Mechanism Proof-of-Authority (PoA)

Block Interval 5 minutes

Data Stored Hashes of audit reports, timestamps, metadata
Participants Internal auditors, external auditors, ESG units

Audit records from federated models were hashed and logged on a tamper-proof private blockchain for traceability
and third-party validation.

3.6 Variables and Indicators

Variable Type Measurement

Audit Accuracy Score (AAS) Continuous % deviation from ground truth
Time to Compliance (TTC) Interval Days to regulatory filing
Perceived Transparency Index Ordinal 5-point Likert scale (qualitative)
Data Privacy Risk Perception Ordinal 3-point scale: High/Med/Low
ESG Alignment Score Continuous Model output (01 scale)

3.7 Analytical Techniques
Quantitative:

o Descriptive statistics to assess performance improvement pre/post-AuditChain
o Paired t-tests for significance of compliance timing improvements
e F1-score and ROC-AUC for federated model validation

o Block verification rate analysis for blockchain integrity metrics
Quialitative:

e Thematic coding using NVivo software
e Inter-coder reliability check (Cohen’s k = 0.87)

3.8 Ethical Considerations
o Data ensured no breach of corporate confidentiality
o Interviewees participated voluntarily with informed consent
e Blockchain nodes simulated within a regulatory sandbox environment

3.9 Limitations

o Real-world deployment was limited; pilot deployments are recommended for future research
o Blockchain energy consumption not fully modeled
e Subjective responses on governance risks may carry bias

Table 3.1: Summary of Research Methodology

Component Detail

Design Mixed methods, sequential explanatory
Quantitative Data Simulated green audit metrics (12 firms)
Qualitative Data  Expert interviews (n = 15)

Al Technique Federated XGBoost with differential privacy
Blockchain Private PoA ledger for audit logs

Analysis Tools  SPSS, Python (Sklearn), NVivo

Compliance Focus ESG audit readiness across borders
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4. Results and Data Analysis
This section presents the empirical findings derived from the federated Al audit system and qualitative feedback
from expert interviews. The analysis is organized into four key outcome clusters:

1. Audit Accuracy & Model Performance

2. Compliance Efficiency Gains

3. Transparency & Traceability Improvements

4. Perceptions of Privacy, Feasibility & Governance

4.1 Audit Accuracy & Federated Model Performance

The federated Al model was benchmarked against centralized and manual ESG audit approaches. Model accuracy
was evaluated using precision, recall, F1-score, and ROC-AUC metrics.

Table 4.1: Federated Al Model Performance Comparison

Metric Manual Audit Centralized Al Federated Al (AuditChain)
Accuracy (%) 71.2 88.3 91.7
Precision 0.68 0.86 0.89
Recall 0.66 0.84 0.92
F1-Score 0.67 0.85 0.90
ROC-AUC 0.73 0.88 0.93

Insight: The federated model not only outperformed manual audits but also surpassed centralized Al due to local
context retention and privacy-preserving learning.

4.2 Time-to-Compliance and Reporting Efficiency

A comparative analysis of compliance readiness time was conducted for 12 nodes before and after AuditChain
implementation.

Table 4.2: Average Time to ESG Compliance Filing (in Days)

Enterprise Node Pre-AuditChain Post-AuditChain A Change (%)

Node A 47 28 -40.4%
Node B 52 31 -40.3%
Node C 39 23 -41.0%
Node D 44 27 -38.6%
Average 45.5 27.3 -39.9%

Reduction of ~40% in average ESG reporting time post-deployment—critical for regulatory agility.

4.3 Transparency and Audit Trail Integrity

Blockchain-backed logging enhanced visibility and verification of audit entries. Auditors evaluated improvements
in perceived audit trail integrity.

Figure 4.1: Comparative Impact Radar (Blockchain vs. Traditional)

Metric Traditional Audit AuditChain (Blockchain)
Tamper Detection (%) 62 99.1
Third-Party Verifiability 59 98.5
Timestamp Accuracy (%) 75 100
Document Version Control 61 96.7

4.4 Expert Perceptions: Qualitative Findings
15 domain experts shared opinions on the effectiveness, challenges, and organizational readiness for implementing
AuditChain.
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Table 4.3: Thematic Analysis Summary

Theme Summary Insight

Feasibility 87% saw deployment within 1-2 years as feasible
Cost Concerns Moderate in pilot phase; justified by compliance ROI
Data Sovereignty Federated learning preferred over centralized systems

Trust in Smart Contracts Caution urged; legal enforceability still ambiguous
Organizational Readiness Larger MNCs more equipped than MSMEs

Quote:
“Federated Al solves the dual puzzle of learning from diverse operations while respecting data localization laws.’

— Sustainability Director, Pharma Exporter

>

4.5 Correlation Analysis
Key performance variables were tested for statistical associations using Pearson’s correlation coefficient.

Table 4.4: Correlation Matrix — Performance Drivers

Variable Audit Accuracy Filing Time ESG Risk Score
Federated Al Use (Binary) +0.88 -0.76 -0.81
Blockchain Logging Enabled +0.91 -0.70 -0.79
Training Investment (% lakh) +0.60 -0.48 -0.55

Positive correlation with audit accuracy, negative correlation with filing time and ESG risk levels.

4.6 Statistical Significance Testing
A paired t-test confirmed the significant improvement in compliance metrics post-AuditChain.

Table 4.5: T-Test Results (Pre vs. Post Implementation)
Metric t-value p-value Significance

Audit Accuracy 4.83  <0.001 Yes

Filing Time -6.12 <0.001 Yes

ESG Risk Level -3.91 0.002 Yes

Statistically significant improvements across all measured KPlIs.

4.7 Blockchain Verification Rate
Over 1,200 ESG event logs were pushed to the AuditChain blockchain.
Table 4.6: Blockchain Verification Metrics

Metric Value
Total Events Logged 1,208
Avg. Block Generation Time 5.3 mins
Verification Rate 99.8%

Smart Contract Failure Rate 0.2%
Off-chain Discrepancy Rate 0.5%
Strong data immutability with minimal verification failures.

Insights

e Federated Al improved audit precision while safeguarding enterprise-level data
Time-to-filing dropped by ~40%, a key win for dynamic compliance regimes
Blockchain provided robust, tamper-proof trails essential for cross-border audits
Qualitative themes validated organizational readiness and flagged governance gaps
All improvements were statistically significant (p < 0.05)
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5. Discussion
The findings of this study reflect a significant leap in audit technology, demonstrating how federated Al integrated
with blockchain infrastructure can transform traditional green audit processes for cross-border enterprises.
5.1 Audit Intelligence Without Compromising Privacy
The federated Al model enabled decentralized learning without requiring sensitive environmental data to leave local
servers. This innovation directly addresses regulatory concerns related to data sovereignty, particularly under
GDPR, India's DPDP Act (2023), and similar regional frameworks. Unlike centralized systems, which are
vulnerable to single-point failures and require extensive trust arrangements, federated models learn collaboratively
yet privately, creating a new frontier in Al-assisted audits.
5.2 Blockchain as the Guardian of Audit Integrity
AuditChain’s blockchain layer drastically enhanced the transparency, immutability, and traceability of audit
records. Smart contracts automated key ESG checks and logged non-compliance events, which were instantly
verifiable by external auditors. The audit trail, once static and fragmented, is now immutable, verifiable, and
programmable. This addresses long-standing issues of “greenwashing” and unreliable disclosures.
5.3 From Reactive to Proactive Compliance
One of the most impactful findings was the dramatic reduction in compliance readiness timelines. With real-time
audit triggers, automated anomaly detection, and self-verifying smart contracts, organizations transitioned from
reactive audit strategies to proactive compliance ecosystems. For MNCs managing operations across
jurisdictions, this shift represents operational resilience and reduced reputational risk.
5.4 Organizational Readiness and Scalability
Larger firms exhibited better readiness due to existing digital infrastructure and ESG maturity. However, SMEs
lagged, especially in digital literacy and audit digitization. This exposes a scalability challenge, which may need
governmental support, consortium-based deployments, or managed service models to assist smaller players.
5.5 Challenges and Limitations
Despite strong empirical support, several practical limitations emerged:

e Smart contract legal ambiguity: enforceability across jurisdictions remains complex.

o Blockchain scalability: on-chain logging has computational and energy costs, though minimized via

hybrid chains.

e Trustin Al logic: explainability of federated models is still evolving and needs transparency mechanisms.

Nonetheless, these are not barriers but innovation opportunities for further research and ecosystem building.

6. Policy and Practice Recommendations
Drawing from the results and analysis, the following actionable recommendations are proposed for industry,
regulators, and researchers.
6.1 For Enterprises
o Deploy Federated Al for ESG Automation: Prioritize modular audit intelligence platforms that enable
decentralized, privacy-aware learning.
e Adopt Hybrid Blockchain Models: Use permissioned chains for internal transparency and public chains
for external verifiability of ESG logs.
e Invest in Explainable Al: Use interpretable models (e.g., SHAP, LIME) to improve trust among
compliance officers and external auditors.
e Train Sustainability Officers in Al + Blockchain: Capacity-building is key to operationalizing these
technologies.
6.2 For Regulators and Policymakers
o Create Standards for Al-led ESG Audits: National green audit standards must evolve to accommodate
Al automation and blockchain validation.
e Legislate Smart Contract Enforceability: Provide legal clarity on how smart contracts can be used for
ESG enforcement across jurisdictions.
e Subsidize Digital Green Audit Tech for SMEs: Offer tax incentives, sandboxes, or ESG tech grants to
accelerate adoption among lagging sectors.

https://mswmanagementj.com/ 570



MSW MANAGEMENT -Multidisciplinary, Scientific Work and Management Journal
ISSN: 1053-7899
Vol. 36 Issue 1, Jan-June 2026, Pages: 564-573

6.3 For Researchers and Consortia
o Develop Federated Transfer Learning Models: Especially useful for industries with low data availability
(e.g., textile, agriculture).
o Pilot ESG-AI Sandboxes in Developing Economies: Test model performance in varied data environments
with under-resourced enterprises.
o Explore Interoperable Ledger Protocols: Enable ESG data exchange across platforms like Hyperledger,
Ethereum, and Corda.

7. Conclusion

This study advances the frontier of intelligent, transparent, and scalable green audit frameworks through the
confluence of federated Al and blockchain. The proposed AuditChain architecture not only enhances compliance
performance and audit accuracy but also respects privacy, regulatory boundaries, and operational complexity.
With federated Al ensuring context-sensitive audit learning, and blockchain securing verifiable integrity,
AuditChain offers a robust pathway for transitioning from legacy ESG compliance models to next-generation
audit ecosystems.

Future pathways include enhancing explainability, expanding interoperability across audit platforms, and
conducting longitudinal impact assessments to evaluate sustained ESG performance gains. As global mandates
for carbon disclosure and ethical governance tighten, AuditChain positions itself as a pivotal architecture in the
evolution of accountable capitalism.
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