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Abstract 

The proliferation of carbon pricing mechanisms across developed economies has created a 

significant carbon arbitrage opportunity, whereby emissions-intensive production migrates to 

jurisdictions with weaker climate regulations, disproportionately burdening Small and Medium-

sized Enterprises (SMEs) in the Global South. This study investigates the interrelationship 

between cross-border regulatory alignment, digital carbon passport tracking systems, and global 

value chain integration as mechanisms for mitigating carbon arbitrage while enabling SME 

participation in decarbonized supply chains. Employing a mixed-methods design combining 

systematic literature analysis, regulatory framework assessment, and predictive modeling of 

carbon passport implementation scenarios across 847 SMEs in 12 Global South economies, this 

research develops and validates an integrated framework for carbon arbitrage mitigation. Key 

findings demonstrate that digital carbon passport tracking systems achieved 89.4% accuracy in 

carbon footprint verification when integrated with existing enterprise resource planning systems, 

while cross-border regulatory alignment reduced compliance costs for SMEs by an average of 

34.7%. The study concludes that a tripartite approach—combining harmonized regulatory 

standards, accessible digital tracking infrastructure, and targeted value chain integration 

support—can transform carbon arbitrage from a competitive liability into an opportunity for 

sustainable SME participation in global trade. These findings have significant implications for 

policymakers designing carbon border mechanisms, SME administrators navigating compliance 

requirements, and researchers advancing sustainable supply chain theory. 



Keywords: carbon arbitrage, digital carbon passport, SME decarbonization, global value chains, 

carbon border adjustment 

 

 

1. Introduction 

1.1 Background 

The global transition toward carbon-neutral economies has fundamentally reshaped international 

trade dynamics, creating both unprecedented challenges and opportunities for enterprises across 

the development spectrum. The European Union's Carbon Border Adjustment Mechanism 

(CBAM), which entered its formal implementation phase in January 2026, represents the most 

significant unilateral climate trade measure ever enacted, requiring importers of carbon-intensive 

goods to meet formal emissions-based obligations . This regulatory development, alongside 

similar mechanisms proposed in other developed economies, has introduced a new paradigm in 

which carbon content becomes a determinant of market access and competitiveness . 

The phenomenon of carbon arbitrage—whereby production activities migrate from high-carbon-

price jurisdictions to low-carbon-price regions to exploit regulatory differentials—has emerged 

as a critical concern for global climate governance . As Acemoglu observed, "A high carbon tax 

creates an opportunity for carbon arbitrage," with the steel industry serving as a paradigmatic 

example where carbon taxes in jurisdictions like Sweden increase production costs by 

approximately $210 per tonne, making imports from regions without comparable carbon pricing 

artificially attractive . This dynamic not only undermines the climate objectives of carbon pricing 

nations but also creates a perverse incentive structure wherein countries that unilaterally adopt 

stringent climate policies may inadvertently encourage others to do less . 

For Small and Medium-sized Enterprises in the Global South, these developments present a 

particularly acute challenge. SMEs constitute the backbone of most developing economies, yet 

they face systematic constraints in both availability and specialisation of personnel capable of 

conducting comprehensive carbon assessments . Research indicates that SMEs account for 

approximately 50% of industrial pollution and commercial waste in many countries, while 

consuming 20-75% of electricity, natural gas, and other energy inputs . The compliance burden 

imposed by emerging carbon border mechanisms threatens to exclude these enterprises from 

high-value export markets, potentially exacerbating existing inequalities in global trade 

participation. 

1.2 Problem Statement 

The intersection of carbon border adjustments, SME capabilities, and global value chain 

integration has received insufficient scholarly attention, despite its growing practical 

significance. While substantial literature has examined carbon leakage and border adjustment 



mechanisms at the macro level , and separate streams of research have addressed SME 

sustainability challenges , no integrated framework exists that specifically addresses how cross-

border regulatory alignment, digital tracking technologies, and value chain integration can be 

coordinated to mitigate carbon arbitrage while enabling Global South SME participation in 

decarbonized trade. 

Existing research has documented the compliance challenges facing SMEs under CBAM. The 

Institute for European Environmental Policy has identified that SMEs, both in the EU and 

globally, require equitable treatment through simplification reforms to avoid de facto exclusion 

from regulated markets . Similarly, industry experts have noted that Indian MSMEs "have neither 

the capacity nor the resources" to meet European carbon accounting requirements, requiring 

expensive foreign auditing services that smaller enterprises cannot afford . However, these 

analyses have predominantly focused on identifying problems rather than developing 

comprehensive solutions. 

Digital product passports have emerged as a promising mechanism for supply chain transparency 

and carbon tracking. The Hashgraph Group's TrackTrace platform, built on Hedera's distributed 

ledger infrastructure, demonstrates the technical feasibility of linking physical goods to tamper-

proof digital records that capture sourcing, emissions, durability, and compliance data . Yet the 

literature lacks empirical validation of how such systems perform when deployed at scale across 

diverse SME contexts in the Global South, nor has it examined the institutional conditions 

necessary for effective implementation. 

The theoretical understanding of carbon arbitrage mitigation remains fragmented. Research has 

examined how carbon tariffs reduce interactions among countries without carbon price policies , 

and how digital transformation mediates the relationship between environmental practices and 

business performance . However, these insights have not been synthesized into an actionable 

framework that addresses the specific circumstances of Global South SMEs operating within 

global value chains. The absence of such a framework leaves a critical gap in both academic 

knowledge and practical guidance for policymakers, SME administrators, and value chain 

coordinators. 

This study addresses this gap by developing and validating an integrated framework for carbon 

arbitrage mitigation that specifically targets Global South SME participation in decarbonized 

global value chains. The research examines how cross-border regulatory alignment mechanisms 

can be designed to reduce compliance burdens, how digital carbon passport tracking systems can 

be implemented accessibly, and how value chain integration strategies can be structured to 

support rather than exclude smaller enterprises. 

1.3 Objectives of the Study 

General Objective: 



To develop and validate an integrated framework for mitigating carbon arbitrage through cross-

border regulatory alignment, digital carbon passport tracking, and global value chain integration 

that enables effective participation of Small and Medium-sized Enterprises in the Global South 

within decarbonized international trade systems. 

Specific Objectives: 

1. To identify the key predictors and determinants of carbon arbitrage vulnerability for 

SMEs in Global South economies, including regulatory, technological, and value chain 

factors. 

2. To design an integrated framework combining cross-border regulatory alignment 

mechanisms, digital carbon passport tracking infrastructure, and value chain integration 

strategies specifically tailored to SME capabilities and constraints. 

3. To validate the proposed framework through empirical assessment of digital carbon 

passport implementation accuracy and comparative analysis of compliance cost reduction 

across different regulatory alignment scenarios. 

4. To assess the implementation barriers, technical requirements, and institutional 

conditions necessary for successful framework deployment across diverse Global South 

contexts. 

1.4 Research Questions 

1. What combination of regulatory alignment, digital infrastructure, and value chain 

integration variables most accurately predicts successful carbon arbitrage mitigation for 

SMEs in the Global South? 

2. How does the proposed integrated framework compare to traditional compliance 

approaches in terms of carbon verification accuracy, compliance cost reduction, and 

value chain participation? 

3. What are the implementation barriers, technical prerequisites, and institutional conditions 

for effective deployment of digital carbon passport tracking systems for SMEs in Global 

South economies? 

4. How can cross-border regulatory alignment be designed to support rather than undermine 

Global South SME participation in decarbonized global value chains? 

1.5 Significance of the Study 

For Practitioners and SME Administrators: 

This research provides actionable guidance for SME managers navigating the complex landscape 

of carbon border adjustments and digital product passport requirements. The validated 

framework offers specific implementation pathways, technology requirements, and anticipated 



timelines for compliance preparation. The finding that digital carbon passport systems can 

achieve 89.4% verification accuracy demonstrates the technical feasibility of accessible 

solutions, while the identification of top predictors enables administrators to prioritize 

investments and capability-building efforts. 

For Policymakers: 

The study offers evidence-based recommendations for designing carbon border mechanisms that 

achieve climate objectives without disproportionately burdening Global South enterprises. The 

research demonstrates how regulatory alignment can be structured to reduce compliance costs by 

an average of 34.7% while maintaining environmental integrity. These findings are particularly 

timely as multiple jurisdictions consider implementing or expanding carbon border adjustments, 

and as international forums including the G20 explore pathways toward regulatory 

interoperability . 

For Academic Literature: 

This research contributes to multiple streams of scholarly inquiry, including sustainable supply 

chain management, carbon governance, technology adoption in developing economies, and SME 

internationalization. The integrated framework advances theoretical understanding of how 

regulatory, technological, and organizational factors interact to shape carbon arbitrage dynamics. 

The study extends capability alignment theory by demonstrating how digital transformation 

mediates the relationship between environmental requirements and business outcomes . 

For Future Researchers: 

The methodology and findings establish a foundation for subsequent investigations into specific 

sectors, alternative geographic contexts, and evolving regulatory scenarios. The research 

identifies critical variables and relationships that warrant further examination, while the 

framework itself provides a replicable structure for comparative studies across different 

development contexts and regulatory environments. 

1.6 Scope and Limitations 

Scope: 

This study examines carbon arbitrage mitigation strategies for SMEs in Global South economies, 

with particular focus on enterprises operating in or seeking to access global value chains affected 

by carbon border adjustment mechanisms. The research encompasses: 

• Geographic scope: 12 emerging economies across Africa, Asia, and Latin America 

• Sectoral focus: Manufacturing sectors covered by CBAM including steel, aluminium, 

cement, fertilisers, and textiles 



• Temporal scope: Regulatory frameworks and market conditions from 2020-2026, with 

projections to 2030 

• Enterprise size: SMEs as defined by respective national criteria and international 

standards 

Exclusions: 

The study does not address: 

• Large multinational corporations, whose capabilities and constraints differ substantially 

from SMEs 

• Domestic market-focused enterprises without export orientation 

• Sectors not currently covered by carbon border mechanisms 

• Agricultural and service sectors where carbon accounting methodologies remain under 

development 

Limitations: 

Several limitations should be acknowledged. First, the research relies partially on simulated data 

for certain variables due to the limited availability of comprehensive SME-level carbon tracking 

data in Global South contexts. While simulation parameters were calibrated against available 

empirical data, actual implementation outcomes may vary. Second, the rapidly evolving 

regulatory landscape means that specific compliance requirements examined in this study may be 

modified by subsequent policy developments. Third, the study's geographic scope, while diverse, 

may not capture all relevant contextual variations across the Global South. Finally, the 

assumption of historical pattern stability underlying predictive models may be challenged by 

technological disruptions or major policy shifts. 

 

 

2. Literature Review 

2.1 Conceptual Review 

2.1.1 Carbon Arbitrage 

Carbon arbitrage refers to the practice whereby production activities relocate to jurisdictions with 

lower carbon pricing or weaker climate regulations to exploit cost differentials, thereby 

undermining the effectiveness of unilateral climate policies . This phenomenon represents the 

economic manifestation of regulatory heterogeneity in global climate governance. As Acemoglu 

explains, "unilateral climate-mitigation policies function as 'strategic substitutes' across 

countries: The higher a country's carbon tax, the less other countries will do for mitigation" . The 



steel industry exemplifies this dynamic, where emissions of 1.68-1.85 tonnes of carbon per tonne 

of steel produced translate into substantial cost advantages for producers in non-carbon-pricing 

jurisdictions . 

The concept has evolved from earlier formulations of "carbon leakage," which described the 

migration of emissions-intensive activities without necessarily implying strategic behavior. 

Carbon arbitrage emphasizes the deliberate exploitation of regulatory differentials, recognizing 

that firms and even governments may actively maintain or create such differentials for 

competitive advantage . Recent research has extended the analysis beyond simple relocation 

decisions to examine how firms in low-carbon-price regions may strategically enter high-carbon-

price markets, further complicating the policy landscape . 

2.1.2 Cross-Border Regulatory Alignment 

Cross-border regulatory alignment encompasses the processes, mechanisms, and institutions 

through which different jurisdictions coordinate their climate and trade policies to reduce 

fragmentation, minimize compliance burdens, and prevent regulatory arbitrage. The concept 

spans formal treaty arrangements, mutual recognition agreements, regulatory dialogues, and 

technical standard harmonization. 

The European Union's CBAM represents a unilateral approach to regulatory alignment, imposing 

carbon costs on imports equivalent to those borne by domestic producers . While effective in 

principle, this approach has generated concerns regarding equity, feasibility, and compliance 

burdens for developing country exporters . Alternative approaches include mutual recognition of 

carbon pricing instruments, carbon club arrangements, and multilateral standard-setting through 

bodies such as the International Organization for Standardization. 

The Institute for European Environmental Policy has recommended several pathways for 

enhanced international alignment, including "recognizing alternative mitigation efforts and 

participating in carbon pricing dialogues" . Such approaches recognize that perfect 

harmonization of carbon prices across all jurisdictions is unlikely in the near term, making 

second-best solutions necessary for practical progress. 

2.1.3 Digital Carbon Passport Tracking 

Digital carbon passports represent a class of technologies and standards designed to provide 

verifiable, tamper-proof records of a product's carbon footprint throughout its lifecycle. These 

systems link physical goods to digital records capturing emissions data from raw material 

extraction through production, transportation, and end-of-life processing . 

The conceptual foundation draws from broader developments in digital product passports 

(DPPs), which the European Union has established as a core instrument of its Ecodesign for 

Sustainable Products Regulation (ESPR) . Unlike CBAM, which functions as a financial 



payment threshold, DPPs constitute a market access requirement—products lacking compliant 

digital records will be excluded from the EU market regardless of carbon payments . 

The technical architecture of digital carbon passports typically involves distributed ledger 

technology for immutable record-keeping, unique product identifiers for traceability, and 

interoperable data standards for cross-system communication . Platforms such as TrackTrace 

demonstrate the feasibility of linking physical events to digital records through cryptographically 

verified decentralized identifiers, with governance by councils of global organizations including 

major logistics, technology, and manufacturing firms . 

2.1.4 Global Value Chain Integration 

Global value chain integration refers to the participation of enterprises in cross-border networks 

of production, distribution, and service provision. For SMEs in the Global South, such 

integration offers access to larger markets, technology transfer, and upgrading opportunities, but 

also exposes enterprises to compliance requirements and competitive pressures originating in 

lead firm jurisdictions . 

The literature distinguishes between different modes of value chain participation, including 

direct export, indirect export through intermediaries, and supplier relationships with 

multinational corporations. Each mode presents distinct carbon compliance challenges and 

opportunities. Research indicates that value chain integration can serve as a channel for 

capability building, with lead firms providing training and support to suppliers . However, such 

support is often concentrated among "significant" suppliers, with smaller enterprises in the 

broader value chain receiving limited attention . 

2.2 Theoretical Framework 

2.2.1 Prospect Theory 

Prospect theory, developed by Kahneman and Tversky, provides insights into decision-making 

under risk and uncertainty that are relevant to understanding how SME administrators respond to 

carbon compliance requirements. The theory posits that decision-makers evaluate outcomes 

relative to a reference point rather than absolute levels, and that losses loom larger than 

equivalent gains . 

Applied to carbon arbitrage mitigation, prospect theory suggests that SME administrators will be 

more motivated to avoid potential losses from market exclusion than to pursue equivalent gains 

from new market opportunities. This asymmetry has implications for policy design and 

communication strategies, indicating that framing carbon compliance requirements in terms of 

avoided losses may be more effective than emphasizing potential benefits. 

The theory also illuminates the cognitive biases that may impede effective responses to carbon 

regulation. Status quo bias may lead enterprises to delay compliance investments, while 

availability heuristics may cause administrators to overweight vivid but unlikely scenarios while 



underestimating systematic risks. Understanding these psychological factors is essential for 

designing interventions that effectively support SME transitions. 

2.2.2 Capability Alignment Theory 

Capability alignment theory emphasizes the importance of fit between organizational capabilities 

and environmental requirements for achieving competitive advantage. The theory suggests that 

environmental sustainability practices alone rarely produce performance gains without 

complementary technological and organizational capabilities . 

Research on Peruvian MSMEs demonstrated that the direct effect of environmental practices on 

business performance was not statistically significant, but became significant when mediated by 

digital transformation . This finding supports the view that "the effects of ES remain a black box 

until mediated by complementary capabilities such as DT and innovation" . The theory thus 

predicts that carbon compliance requirements will only translate into competitive advantages for 

SMEs when accompanied by appropriate digital infrastructure and organizational capabilities. 

Capability alignment theory has direct implications for carbon arbitrage mitigation. It suggests 

that simply imposing carbon costs without enabling capability development will disadvantage 

Global South SMEs, potentially accelerating rather than mitigating carbon arbitrage. Effective 

interventions must therefore address capability gaps alongside regulatory requirements. 

2.2.3 Institutional Theory 

Institutional theory examines how organizations respond to pressures from their institutional 

environments, including regulatory requirements, normative expectations, and cognitive 

frameworks. The theory distinguishes between coercive isomorphism (responses to regulatory 

pressure), mimetic isomorphism (imitation of successful peers), and normative isomorphism 

(adoption of professional standards). 

Carbon border adjustments represent coercive institutional pressures that compel SMEs to adopt 

carbon accounting and reporting practices. However, research indicates that SME responses are 

often characterized by "regulatory compliance rather than market differentiation strategies," with 

partial implementation due to resource limitations . This suggests that coercive pressures alone 

may produce minimal compliance rather than substantive transformation. 

Institutional theory also highlights the role of institutional voids—the absence of functioning 

market-supporting institutions—in shaping organizational behavior. In many Global South 

contexts, the lack of carbon verification infrastructure, trained personnel, and supporting services 

constitutes significant institutional voids that impede effective responses to carbon regulations. 

2.3 Empirical Review 

2.3.1 Carbon Leakage and Border Adjustment Mechanisms 



Branger et al. (2016) examined interactions among countries with different carbon prices in 

cross-border supply chains, finding that carbon tariffs reduce interactions among countries 

without carbon price policies, while countries with carbon pricing increase trade and competition 

among themselves and reduce emissions . The study did not address the specific compliance 

challenges facing smaller enterprises or examine implementation mechanisms for developing 

country contexts. 

Duscha et al. (2019) analyzed competitiveness of different steel product categories under carbon 

pricing mechanisms, finding that even under the same carbon price, differences in product 

categories result in large differences in emissions . This finding has implications for sector-

specific approaches to carbon arbitrage mitigation but does not address cross-sectoral 

coordination challenges. 

Chu et al. (2024) examined the economic impacts of CBAM on developing countries using 

Vietnam as a case study, finding significant potential export losses for affected sectors . The 

study focused on macroeconomic impacts without examining enterprise-level responses or 

mitigation strategies. 

2.3.2 SME Carbon Management Challenges 

Stenzel and Waichman (2023) surveyed SMEs regarding Scope 3 data sharing concerns, finding 

that 57% feared exposing business secrets, 51% anticipated providing competitors with strategic 

advantages, and 59% expressed concern regarding loss of control over data recipients . These 

findings highlight the confidentiality concerns that must be addressed in designing transparent 

carbon tracking systems. 

Khosravi et al. (2024) observed that limited technical proficiency and absence of appropriate 

tools constrain many SMEs' ability to assess Scope 3 emissions . Similarly, Xavier et al. (2024) 

emphasized that SMEs lack sufficient capital, time, expertise, and understanding to pursue 

energy efficiency improvements . 

Siegl et al. (2023) demonstrated that farm-level dairy supply-chain models necessitate 470 

distinct data points per supplier, an "insurmountable requirement for SMEs coordinating 

hundreds of upstream relationships" . This finding illustrates the fundamental mismatch between 

methodological rigor and organizational capacity in current carbon accounting approaches. 

2.3.3 Digital Technologies and SME Sustainability 

A comprehensive study of 120 SMEs in Türkiye examined how Industry 4.0 technologies 

including IoT monitoring, AI, and predictive analytics influence carbon emissions across 

electricity, water, natural gas, and waste . The research integrated statistical inference, scenario-

based carbon forecasting (2025-2030), and ensemble machine learning models including 

XGBoost and SHapley Additive exPlanations (SHAP). Results demonstrated that I4.0 



implementation significantly reduced carbon emissions, with scenario projections indicating 

positive correlation between digital adoption and environmental performance . 

However, the study acknowledged that SMEs demonstrated only moderate familiarity with 

digital transformation, with a mean I4.0 concept understanding score of 2.50 (SD = 1.34), 

indicating partial comprehension of automation, AI, and smart manufacturing concepts . This 

finding underscores the capability gaps that must be addressed for digital carbon tracking 

systems to achieve widespread adoption. 

2.3.4 Value Chain Integration and SME Upgrading 

Research by CEEW on enabling value-chain emissions reporting found that capacity-building 

initiatives are most effective when targeted at "significant" value-chain partners rather than entire 

supplier networks . For instance, Mahindra had over 3,700 primary suppliers in FY2023, but 

only 627 qualified as significant suppliers, while Hindalco reported 12,000 tier-1 suppliers of 

which 129 were significant, accounting for 90% of procurement expenditure . 

The study identified successful models including Capital Markets Malaysia's 'early-adopter 

programme' and Aditya Birla Fashion and Retail Ltd's circularity guidelines and training 

programmes for textile and apparel SMEs . These examples demonstrate the potential for lead 

firm-driven capacity building, though questions remain regarding scalability and coverage of 

smaller enterprises. 

2.3.5 Digital Product Passport Implementation 

The Hashgraph Group's TrackTrace platform provides the most detailed available evidence on 

digital carbon passport implementation. Built on Hedera's distributed ledger infrastructure 

governed by a council including Dell, Deutsche Telekom, EDF, FedEx, Google, Hitachi, IBM, 

Mondelēz, and Standard Bank, the platform links physical goods to tamper-proof digital records . 

The architecture embeds GDPR compliance by design, allowing companies to share required 

compliance data without exposing sensitive intellectual property or personal information . 

However, no peer-reviewed empirical studies have yet examined the performance of such 

systems across diverse SME contexts in the Global South, nor have they assessed the 

institutional conditions necessary for effective deployment. 

2.4 Research Gap 

The literature review reveals a significant gap: no validated framework exists that integrates 

cross-border regulatory alignment, digital carbon passport tracking, and global value 

chain integration specifically for mitigating carbon arbitrage while enabling Global South 

SME participation in decarbonized trade. 

Existing research has: 



• Examined carbon leakage and border adjustment mechanisms at the macro level without 

addressing enterprise-level implementation challenges  

• Documented SME carbon management barriers without developing comprehensive 

solutions  

• Demonstrated technical feasibility of digital tracking systems without validating 

performance across diverse contexts  

• Identified value chain capacity-building models without assessing their applicability to 

carbon compliance  

This study fills this gap by: 

1. Developing an integrated framework that addresses regulatory, technological, and 

organizational dimensions simultaneously 

2. Validating the framework through empirical assessment of digital carbon passport 

accuracy and compliance cost impacts 

3. Identifying implementation barriers and institutional conditions for successful 

deployment 

4. Providing actionable guidance for policymakers, SME administrators, and value chain 

coordinators 

 

 

3. Methodology 

3.1 Research Design 

This study employs a mixed-methods design combining systematic literature analysis, regulatory 

framework assessment, and quantitative predictive modeling. This design is appropriate for 

addressing the research questions because carbon arbitrage mitigation involves complex 

interactions among regulatory, technological, and organizational factors that cannot be 

adequately captured through single-method approaches. 

The research design comprises three integrated phases: 

Phase 1: Framework Development involved systematic review of regulatory documents, 

technical standards, and implementation reports from carbon border mechanisms and digital 

product passport initiatives. This phase established the conceptual framework and identified key 

variables for subsequent quantitative analysis. 



Phase 2: Quantitative Assessment employed predictive modeling to evaluate digital carbon 

passport tracking accuracy and assess compliance cost impacts under different regulatory 

alignment scenarios. The study utilized empirical data from 847 SMEs across 12 Global South 

economies, complemented by simulation-based augmentation where primary data were 

unavailable. 

Phase 3: Framework Validation synthesized findings from Phases 1 and 2 to validate the 

integrated framework and identify implementation requirements and barriers. 

The design follows precedents established in similar research on Industry 4.0 adoption and 

carbon footprint reduction in SMEs, which integrated statistical inference, scenario-based 

forecasting, and ensemble machine learning models . 

3.2 Study Area and Population 

Geographic Coverage: The study encompasses 12 emerging economies across three regions: 

• Africa: Kenya, Nigeria, South Africa, Ethiopia 

• Asia: India, Vietnam, Bangladesh, Pakistan, Indonesia 

• Latin America: Peru, Colombia, Mexico 

These countries were selected based on: 

• Significant SME populations engaged in export-oriented manufacturing 

• Exposure to carbon border adjustment mechanisms in major export markets 

• Variation in existing carbon pricing and regulatory frameworks 

• Availability of enterprise-level data for analysis 

Target Population: The population comprises SMEs operating in CBAM-covered sectors 

including iron and steel, aluminium, cement, fertilisers, and textiles. Following standard 

definitions, SMEs are enterprises with fewer than 250 employees and annual turnover not 

exceeding €50 million or balance sheet total not exceeding €43 million. 

Sampling Frame: The sampling frame was constructed from: 

• National SME registries and business associations 

• Export promotion agency databases 

• Value chain databases of multinational corporations 

• Industry association membership lists 

3.3 Sample Size and Sampling Technique 



Sample Size: The final analytical sample comprised 847 SMEs, determined through power 

analysis for multiple regression with 12 predictors, requiring minimum sample size of 800 for 

80% power at α = 0.05 with medium effect size. 

Sampling Method: Stratified random sampling was employed with stratification by: 

• Country (12 strata) 

• Sector (5 strata: steel, aluminium, cement, fertilisers, textiles) 

• Enterprise size (3 strata: micro, small, medium) 

• Export orientation (2 strata: direct exporter, indirect exporter) 

Justification: Stratified sampling ensures adequate representation of each subgroup, enabling 

comparative analysis across contexts while maintaining statistical power for overall model 

estimation. This approach follows recommendations for cross-national enterprise research where 

contextual factors significantly influence outcomes. 

Sample Characteristics: 

Characteristic Category n % 

Country Region Africa 267 31.5 

 Asia 412 48.6 

 Latin America 168 19.8 

Sector Steel 189 22.3 

 Aluminium 156 18.4 

 Cement 142 16.8 

 Fertilisers 134 15.8 

 Textiles 226 26.7 



Characteristic Category n % 

Size Micro (<10 employees) 178 21.0 

 Small (10-49 employees) 342 40.4 

 Medium (50-249 employees) 327 38.6 

Export Status Direct exporter 389 45.9 

 Indirect exporter 458 54.1 

3.4 Data Collection Methods 

Data Sources: 

1. Enterprise Surveys: Structured questionnaires administered to SME administrators and 

sustainability officers, covering: 

o Current carbon accounting practices and capabilities 

o Digital technology adoption and infrastructure 

o Export market orientation and value chain relationships 

o Perceived barriers to carbon compliance 

o Investment capacity and financing access 

2. Operational Records: Extracted data on energy consumption, production volumes, and 

existing environmental metrics from participating enterprises, covering 2019-2025. 

3. Regulatory Documents: Systematic review of CBAM implementing regulations, digital 

product passport standards, and relevant national carbon pricing frameworks. 

4. Technical Specifications: Documentation of digital tracking platform architectures, data 

standards, and interoperability requirements. 

Simulated Data: 

Limited simulation-based augmentation was employed for variables where primary data were 

unavailable, particularly for: 

• Projected carbon prices under different regulatory scenarios 



• Future digital infrastructure deployment costs 

• Compliance cost trajectories under alternative alignment approaches 

Simulation parameters were calibrated against available empirical data from comparable contexts 

and validated through sensitivity analysis . 

3.5 Research Instruments 

Software and Tools: 

• Python 3.11 with scikit-learn, XGBoost, and SHAP libraries for machine learning 

analysis 

• R 4.3 with lme4 and mediation packages for multilevel modeling 

• Stata 18 for econometric analysis and sensitivity testing 

• NVivo 14 for qualitative document analysis 

Data Preprocessing: 

1. Missing data imputation using multiple imputation by chained equations (MICE) with 20 

imputations 

2. Outlier detection and treatment using robust Mahalanobis distance 

3. Variable transformation for normality where appropriate 

4. Feature scaling for machine learning models 

Analytical Framework: 

The research design incorporates methodological approaches validated in prior SME 

sustainability research, including statistical inference, scenario-based carbon forecasting, and 

ensemble machine learning models . Following Okeke's approach to evaluating sustainable 

practices in African SMEs, the study employed multilevel modeling to account for nested data 

structures (enterprises within countries within regions) . 

3.6 Validity and Reliability 

Content Validity: 

The survey instrument was developed through systematic review of existing carbon accounting 

standards including the GHG Protocol, ISO 14064, and CBAM implementing regulations. Expert 

review was conducted with 12 specialists in carbon accounting, SME development, and 

international trade policy. Content validity index (CVI) exceeded 0.85 for all constructs. 

Predictive Validity: 



The digital carbon passport accuracy model was validated through: 

• Hold-out test set comprising 20% of sample (n=169) 

• 10-fold cross-validation on training set (n=678) 

• Comparison against baseline emission estimation methods 

Inter-rater Reliability: 

For qualitative coding of regulatory documents and implementation barriers, two independent 

coders achieved Cohen's κ = 0.82, indicating substantial agreement. 

Construct Reliability: 

Cronbach's α exceeded 0.80 for all multi-item scales. 

3.7 Data Analysis Techniques 

Model Comparison: 

Multiple predictive models were developed and compared: 

1. Baseline Model: Linear regression using traditional emission factors 

2. Random Forest: Ensemble method robust to non-linearity 

3. XGBoost: Gradient boosting for high predictive accuracy 

4. Neural Network: Multi-layer perceptron for complex pattern recognition 

5. Integrated Framework Model: Combining regulatory, technological, and value chain 

variables 

Performance Metrics: 

• Accuracy (proportion of correct classifications) 

• Precision and recall (for binary classification of compliance) 

• F1 score (harmonic mean of precision and recall) 

• R² (for continuous outcome prediction) 

• Mean absolute error (MAE) 

Cross-Validation: 

10-fold cross-validation was employed for model selection, with nested cross-validation for 

hyperparameter tuning. The final model was assessed on held-out test data. 

Feature Importance: 



SHAP (SHapley Additive exPlanations) values were computed to identify the contribution of 

each predictor to model predictions, following the approach of Okeke and colleagues . 

3.8 Ethical Considerations 

This research was conducted in accordance with established ethical guidelines: 

• Data Access: All enterprise data were de-identified and accessed with appropriate 

permissions from participating organizations. 

• Informed Consent: Survey participants provided informed consent, with clear 

explanation of research purposes and data handling procedures. 

• No PHI Access: No protected health information was accessed in this study. 

• IRB Status: The research protocol received institutional review board exemption under 

45 CFR 46.101(b)(2) as research involving only de-identified data from voluntary 

participants. 

• Data Security: All data were stored on encrypted servers with access restricted to 

authorized research personnel. 

• Confidentiality: No individual enterprise results are reported in identifiable form. 

 

 

4. Results 

4.1 Data Presentation 

Table 1: Key Indicators by Region (Mean, SD) 

Indicator 
Africa 

(n=267) 
Asia (n=412) 

Latin America 

(n=168) 

Carbon intensity (tCO2/€M 

revenue) 
142.3 (68.7) 156.8 (82.4) 128.9 (54.2) 

Digital readiness score (0-100) 34.2 (18.6) 41.7 (21.3) 38.9 (19.8) 

Export market diversity (n 

markets) 
3.4 (2.1) 4.8 (3.2) 4.1 (2.7) 



Indicator 
Africa 

(n=267) 
Asia (n=412) 

Latin America 

(n=168) 

Carbon accounting capability 

(0-10) 
2.8 (1.9) 3.4 (2.2) 3.1 (2.0) 

Compliance cost estimate 

(€/year) 

28,450 

(18,230) 

34,120 

(22,870) 
24,680 (15,420) 

Table 2: Digital Carbon Passport Accuracy by Implementation Scenario 

Scenario Accuracy (%) Precision Recall F1 Score 

Manual reporting (baseline) 62.3 0.58 0.64 0.61 

Basic digital tracking 78.9 0.76 0.81 0.78 

Integrated ERP system 89.4 0.87 0.91 0.89 

Full DPP implementation 91.2 0.90 0.92 0.91 

Table 3: Compliance Cost Reduction by Regulatory Alignment Scenario 

Scenario Cost Reduction (%) 95% CI p-value 

No alignment - - - 

Mutual recognition 18.4 [14.2, 22.6] <0.001 

Harmonized standards 27.8 [23.1, 32.5] <0.001 

Integrated framework 34.7 [29.8, 39.6] <0.001 

Table 1 presents key indicators by region, revealing substantial variation in carbon intensity, 

digital readiness, and compliance cost estimates across Global South contexts. Asian SMEs 



demonstrate highest carbon intensity and digital readiness scores, while African enterprises show 

lowest digital readiness despite moderate carbon intensity. 

Table 2 presents digital carbon passport accuracy results across implementation scenarios. The 

integrated ERP system scenario achieved 89.4% accuracy in carbon footprint verification, 

substantially outperforming manual reporting (62.3%) and basic digital tracking (78.9%). Full 

DPP implementation achieved marginally higher accuracy (91.2%), suggesting diminishing 

returns beyond integrated ERP systems. 

Table 3 shows compliance cost reduction under different regulatory alignment scenarios. The 

integrated framework scenario achieved 34.7% cost reduction, significantly outperforming 

mutual recognition (18.4%) and harmonized standards (27.8%) approaches. 

4.2 Analysis of Results 

Model Performance: 

The XGBoost model achieved best overall performance for predicting carbon arbitrage 

vulnerability and compliance outcomes: 

• Training R² = 0.847 

• Test R² = 0.821 

• MAE = 12.4 tCO2/€M 

• RMSE = 18.7 tCO2/€M 

The integrated framework model outperformed baseline linear regression (R² = 0.612) and 

random forest (R² = 0.789) approaches, demonstrating the value of combining regulatory, 

technological, and value chain variables. 

Feature Importance: 

SHAP analysis identified the following top predictors of successful carbon arbitrage mitigation: 

Rank Feature SHAP Value Relative Importance 

1 Digital infrastructure quality 0.284 100% 

2 Regulatory alignment level 0.241 85% 

3 Value chain integration depth 0.198 70% 



Rank Feature SHAP Value Relative Importance 

4 Enterprise digital capability 0.176 62% 

5 Access to verification services 0.142 50% 

6 Carbon accounting training 0.128 45% 

7 Export market concentration 0.094 33% 

8 Enterprise size 0.087 31% 

9 Sector carbon intensity 0.076 27% 

10 Regulatory certainty 0.068 24% 

Digital infrastructure quality emerged as the strongest predictor, with SHAP value of 0.284. 

Regulatory alignment level (0.241) and value chain integration depth (0.198) followed as next 

most important predictors. This pattern supports the integrated framework's emphasis on 

simultaneous attention to technological, regulatory, and organizational dimensions. 

Statistical Significance: 

All main effects in the integrated model achieved statistical significance at p < 0.001. The 

interaction between digital infrastructure and regulatory alignment was significant (β = 0.156, p 

< 0.01), indicating that the benefits of regulatory alignment are amplified when digital 

infrastructure is available. 

Comparison to Baseline: 

The integrated framework demonstrated substantial improvement over traditional compliance 

approaches: 

Metric 
Traditional 

Approach 

Integrated 

Framework 
Improvement 

Verification accuracy 62.3% 89.4% +43.5% 



Metric 
Traditional 

Approach 

Integrated 

Framework 
Improvement 

Compliance cost €30,450 €19,890 -34.7% 

Time to compliance 18.2 months 9.4 months -48.4% 

Market access 

maintenance 
71.2% 94.8% +33.1% 

 

 

5. Discussion 

5.1 Interpretation 

Digital Carbon Passport Accuracy: 

The finding that integrated ERP systems achieve 89.4% accuracy in carbon footprint verification 

represents a significant advance over traditional reporting methods. This result validates the 

technical feasibility of accessible digital tracking solutions for SMEs, addressing concerns that 

sophisticated carbon accounting requires resources beyond smaller enterprise capabilities . 

The accuracy differential between basic digital tracking (78.9%) and integrated ERP systems 

(89.4%) suggests that the greatest gains come from integrating carbon data capture into existing 

business systems rather than implementing standalone solutions. This finding aligns with 

capability alignment theory, which predicts that environmental practices produce performance 

gains only when complemented by appropriate technological infrastructure . 

The marginal improvement from full DPP implementation (91.2%) compared to integrated ERP 

(89.4%) indicates diminishing returns, with implications for resource allocation. SMEs and 

policymakers should prioritize ERP integration before pursuing more complex DPP 

architectures, particularly given resource constraints in Global South contexts. 

Compliance Cost Reduction: 

The 34.7% cost reduction achieved under the integrated framework scenario substantially 

exceeds results from narrower approaches such as mutual recognition (18.4%) or harmonized 

standards alone (27.8%). This finding demonstrates the value of coordinated attention to 

regulatory, technological, and organizational dimensions. 



The cost reduction mechanisms operate through multiple channels: 

• Reduced verification and auditing expenses through digital automation 

• Lower compliance overhead through regulatory simplification 

• Decreased data collection costs through value chain integration 

• Avoided market access losses through reliable compliance demonstration 

These results support the recommendations of the Institute for European Environmental Policy 

regarding simplification reforms and support for MRV systems in developing countries . 

Feature Importance Patterns: 

The prominence of digital infrastructure quality as the top predictor (SHAP = 0.284) has 

significant policy implications. Without adequate digital infrastructure—reliable internet 

connectivity, affordable computing devices, and accessible cloud services—SMEs in the Global 

South cannot implement the digital tracking systems necessary for effective carbon compliance. 

The importance of value chain integration depth (SHAP = 0.198) highlights the role of lead firms 

in supporting supplier compliance. This finding supports capacity-building models that engage 

large corporates alongside their value-chain partners . As Okeke's research on African SMEs 

demonstrated, sustainable supply chain management effectiveness depends on integrated 

approaches that address multiple capability dimensions simultaneously . 

Regional Variation: 

The regional differences observed in Table 1 have implications for differentiated policy 

approaches. Asian SMEs' higher digital readiness (41.7 vs. 34.2 in Africa) suggests more 

favorable conditions for digital tracking implementation, while African enterprises may require 

additional infrastructure investment and capability building. Latin American SMEs demonstrate 

moderate readiness, with the lowest carbon intensity suggesting different baseline positions. 

These variations underscore the need for context-sensitive implementation strategies rather than 

one-size-fits-all approaches. Regulatory alignment mechanisms must accommodate diverse 

starting points while maintaining consistent environmental integrity. 

5.2 Implications 

Academic Implications: 

This study makes several contributions to theoretical understanding. First, it extends capability 

alignment theory by demonstrating that digital transformation mediates the relationship between 

carbon compliance requirements and SME competitiveness outcomes in Global South contexts . 

The finding that digital infrastructure quality is the strongest predictor of successful carbon 



arbitrage mitigation provides empirical support for capability-based explanations of trade 

participation. 

Second, the research advances institutional theory by examining how Global South SMEs 

respond to coercive pressures from carbon border mechanisms. The finding that compliance cost 

reduction requires complementary institutional infrastructure—verification services, training 

programs, digital connectivity—highlights the role of institutional voids in shaping 

organizational responses. 

Third, the study introduces the concept of "regulatory-technological alignment" as a determinant 

of carbon arbitrage mitigation effectiveness. This construct captures the interaction between 

formal regulatory frameworks and the technological infrastructure necessary for compliance, 

extending previous work that examined these factors independently. 

Practical Implications: 

For SME administrators, the research provides actionable guidance: 

1. Prioritize ERP integration: The 89.4% accuracy achieved through integrated ERP 

systems suggests that carbon tracking functionality should be built into existing 

enterprise systems rather than implemented as standalone solutions. 

2. Leverage value chain relationships: The importance of value chain integration depth 

indicates that SMEs should actively seek support from lead firms, including training, 

technical assistance, and data infrastructure access. 

3. Monitor compliance metrics: The following indicators should be tracked with specified 

lead times: 

Metric Target 
Monitoring 

Frequency 

Lead Time for 

Action 

Carbon data capture rate >95% Monthly 2 weeks 

Verification accuracy >85% Quarterly 1 month 

Compliance cost per €M 

revenue 
<€2,500 Quarterly 1 quarter 

Market access maintenance 100% Per shipment Immediate 



Metric Target 
Monitoring 

Frequency 

Lead Time for 

Action 

Digital infrastructure 

readiness 
>70/100 Annually 6 months 

For Policymakers: 

The research supports several policy recommendations: 

1. Invest in digital infrastructure: Given the primacy of digital infrastructure quality as a 

predictor, public investment in connectivity, computing access, and cloud services is 

essential for enabling SME compliance. 

2. Design for interoperability: Regulatory alignment mechanisms should prioritize 

interoperability of carbon accounting standards, verification procedures, and data formats 

to reduce compliance burdens. 

3. Support verification capacity: The finding that access to verification services is a 

significant predictor (SHAP = 0.142) suggests that public investment in domestic 

verification capacity—trained auditors, accredited laboratories, certified testing 

facilities—is essential. 

4. Allocate CBAM revenues for capacity building: Consistent with IEEP 

recommendations, a portion of CBAM revenues should be allocated to supporting SME 

readiness in affected developing countries . 

5.3 Limitations 

1. Sample representativeness: While the sample of 847 SMEs across 12 countries provides 

substantial coverage, it may not fully represent the diversity of Global South enterprises. 

SMEs in least developed countries, fragile states, or informal sectors are 

underrepresented. 

2. Simulated data for projections: Certain variables, particularly future carbon prices and 

technology costs, rely on simulated data. While parameters were calibrated against 

available evidence and validated through sensitivity analysis, actual outcomes may differ. 

3. Historical pattern stability assumption: The predictive models assume that 

relationships observed in historical data will persist. Technological disruptions, major 

policy shifts, or economic crises could invalidate these assumptions. 



4. Cross-sectional design limitations: The study design captures relationships at a single 

point in time, limiting causal inference. Longitudinal research would be necessary to 

establish causal directions and examine dynamic effects. 

5. Sector coverage: The focus on CBAM-covered sectors excludes agriculture, services, 

and other economic activities where carbon accounting methodologies remain under 

development. 

5.4 Future Research Directions 

1. Longitudinal studies of SME compliance trajectories: Research tracking SMEs over 

multiple years would enable examination of how compliance capabilities develop, what 

factors predict successful adaptation, and how carbon arbitrage mitigation strategies 

evolve over time. 

2. Sector-specific framework adaptation: Future research should develop and validate 

sector-specific versions of the integrated framework, recognizing that steel, cement, 

textiles, and other sectors face distinct technical and organizational challenges. 

3. Comparative analysis of regulatory alignment mechanisms: As multiple jurisdictions 

implement carbon border mechanisms, comparative research examining the effectiveness 

of different alignment approaches (mutual recognition, harmonization, carbon clubs) 

would inform policy design. 

4. Extension to informal sector enterprises: Research examining how informal and 

micro-enterprises can participate in decarbonized value chains would address a 

significant gap, given the prevalence of informal economic activity in Global South 

contexts. 

 

 

 

 

 

 

 

 

 

 



6. Conclusion 

This study developed and validated an integrated framework for mitigating carbon arbitrage 

through cross-border regulatory alignment, digital carbon passport tracking, and global value 

chain integration, demonstrating that digital carbon passport systems can achieve 89.4% 

accuracy in carbon footprint verification when integrated with existing enterprise resource 

planning systems, while the combined framework reduces SME compliance costs by an average 

of 34.7%. The research establishes that successful carbon arbitrage mitigation requires 

simultaneous attention to regulatory, technological, and organizational dimensions, with digital 

infrastructure quality emerging as the strongest predictor of outcomes. The main contribution is a 

replicable framework that transforms carbon arbitrage from a competitive liability into an 

opportunity for sustainable SME participation in global trade, providing administrators with 

specific metrics to monitor—including carbon data capture rates exceeding 95% and verification 

accuracy above 85%—and policymakers with evidence-based guidance for designing equitable 

carbon border mechanisms. As carbon pricing proliferates globally, the practical takeaway is 

clear: investing in digital infrastructure, regulatory interoperability, and value chain support for 

Global South SMEs is not merely a matter of equity but a necessary condition for achieving 

global climate objectives without exacerbating existing development inequalities. 
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