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Abstract

Corporate sustainability reporting under the Corporate Sustainability Reporting Directive
(CSRD) mandates double materiality assessments, yet the reliability of these self-reported
disclosures remains unverified against independent environmental performance data. This study
addresses the gap by methodologically triangulating double materiality disclosures against life
cycle assessment (LCA) outcomes across 847 firm-years from 156 European listed companies
(2018-2024). Using a convergent parallel mixed-methods design, we extract financial and
impact materiality rankings from sustainability reports and compare them against independent
cradle-to-gate LCA results derived from Ecoinvent 3.10 and EXIOBASE 3 databases. The
triangulation framework achieves 89.4% alignment accuracy in identifying material topics that
correspond to significant environmental hotspots, with a mean divergence coefticient of 0.23
(SD = 0.08) across sectors. Findings reveal systematic over-disclosure of climate-related topics
(71.2%) and under-disclosure of biodiversity and water impacts (43.8%). The study contributes a
replicable triangulation protocol that transforms double materiality from a judgment-based
exercise into an empirically verifiable process, offering practitioners a decision-support tool and
policymakers a validation mechanism for CSRD enforcement
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1. Introduction
1.1 Background

The European Union’s Corporate Sustainability Reporting Directive (CSRD), effective January
2023, represents the most ambitious attempt to standardize corporate sustainability disclosures
globally. Central to the CSRD is the principle of double materiality, which requires companies to
disclose sustainability matters from two perspectives: (1) financial materiality—how
sustainability issues affect the company’s financial performance, and (2) impact materiality—
how the company affects society and the environment . This dual approach distinguishes the
CSRD from single-materiality frameworks such as the Sustainability Accounting Standards
Board (SASB) standards, which prioritize investor-relevant information exclusively .

Double materiality emerged from the evolution of the Non-Financial Reporting Directive
(NFRD), which initially required large companies to disclose environmental and social matters
but provided limited methodological guidance . Scholars have documented persistent weaknesses
in materiality assessment processes, including selective under-reporting, over-disclosure of
favorable topics, and inconsistent stakeholder engagement . Beske and Lorson found that many
companies disclose material topics without explaining how they were identified, suggesting
legitimacy-seeking behavior rather than substantive assessment .

Life cycle assessment (LCA) has emerged as the gold standard for independently quantifying
environmental impacts across product systems. LCA methodology, standardized under ISO
14040/44, provides cradle-to-grave quantification of resource use, emissions, and potential
environmental impacts . Recent research has explored integrating life cycle thinking with
materiality assessment, demonstrating overlaps between ESRS sub-topics and LCSA
sustainability dimensions . However, no systematic framework exists for triangulating self-
reported double materiality disclosures against independent LCA results to validate disclosure
accuracy.

1.2 Problem Statement

Despite regulatory mandates and growing scholarly attention, double materiality disclosures
suffer from fundamental verification deficits. Materiality assessments rely heavily on corporate
judgment, which is susceptible to strategic bias. A 2025 Reuters investigation found that
materiality has been “demoted to an appendix” in many FTSE250 reports, with material risks—
including worker fatalities, data breaches, and hazardous waste dumping—absent from reports
while appearing in mainstream news sources . The academic literature confirms that selective
disclosure and vague methodological descriptions characterize many materiality assessments .

Prior attempts to address greenwashing in sustainability reporting have focused on linguistic
analysis of corporate communications. Okeke and Rahim developed a triangulated
Greenwashing Index integrating BERT-based natural language processing of disclosure texts,
verified performance data (ESG scores, EPA violations), and stakeholder credibility assessments,



achieving 83% identification of regulator-sanctioned firms . While this work advances detection
of greenwashing through multidimensional triangulation, it does not specifically validate double
materiality disclosures against independent environmental assessments. Similarly, bibliometric
analyses of greenwashing research identify ESG disclosure-performance gaps as a persistent
theme but lack operational frameworks for verification .

The unsolved issue is clear: no validated methodology exists for systematically triangulating
double materiality disclosures against independent life cycle assessment results. Without such a
framework, regulators cannot verify CSRD compliance, investors cannot trust materiality
rankings, and companies lack feedback mechanisms for improving assessment rigor.

1.3 Objectives of the Study

General objective: To develop and validate a methodological triangulation framework that
verifies double materiality disclosures against independent life cycle assessment outcomes.

Specific objectives:

1. To identify divergences between double materiality rankings disclosed in corporate
sustainability reports and environmental hotspots identified through independent LCA.

2. To design a triangulation protocol that quantifies alignment between financial materiality,
impact materiality, and LCA-derived materiality.

3. To validate the framework using a multi-sector panel of CSRD-eligible European
companies.

1.4 Research Questions

1. What is the alignment accuracy between self-reported double materiality rankings and
independently assessed life cycle environmental hotspots?

2. How does the proposed triangulation framework perform across different industrial
sectors and materiality dimensions?

3. What are the implementation barriers and enabling conditions for integrating LCA
verification into materiality assurance processes?

1.5 Significance of the Study

For practitioners and administrators: The study provides a replicable protocol for self-
assessing materiality disclosure accuracy before external assurance, reducing regulatory risk and
enhancing credibility with stakeholders.

For policymakers: The framework offers a validation mechanism for CSRD enforcement,
enabling regulators to identify systematic disclosure gaps across sectors and prioritize audit
resources.



For academic literature: The study bridges sustainability reporting research and life cycle
assessment methodology, introducing methodological triangulation as a validation strategy for
materiality claims.

For future researchers: The triangulation protocol establishes a foundation for longitudinal
studies tracking materiality disclosure quality over time.

1.6 Scope and Limitations

This study examines CSRD-eligible European listed companies across seven GICS sectors
(Energy, Materials, Industrials, Consumer Goods, Financials, Technology, Utilities) over the
period 2018-2024. LCA results are derived from database modeling rather than company-
specific primary data, introducing potential sector-average bias. The framework assumes relative
stability of production systems during the study period, which may not hold for companies
undergoing rapid transformation. Generalizability to non-EU regulatory contexts and smaller
unlisted enterprises remains untested.

2. Literature Review
2.1 Conceptual Review

Double Materiality: Under ESRS 1, a sustainability matter is material from an impact
perspective when it pertains to the undertaking’s material actual or potential impacts on people or
the environment over short-, medium-, or long-term horizons. A matter is financially material
when it triggers or could reasonably be expected to trigger material financial effects on the
undertaking . The inside-out perspective corresponds to impact materiality and due diligence,
while the outside-in perspective corresponds to financial materiality and risk management .

Life Cycle Assessment: LCA is a structured methodology for quantifying environmental
impacts associated with all stages of a product’s life cycle, from raw material extraction through
production, use, and disposal . ISO 14040/44 provides the methodological framework, including
goal and scope definition, inventory analysis, impact assessment, and interpretation.

Methodological Triangulation: Triangulation involves using multiple independent methods or
data sources to study the same phenomenon, compensating for method-specific blind spots and
evaluating convergence across sources . In sustainability reporting research, triangulation
addresses construct under-specification that arises when disclosure analysis, performance
measurement, and stakeholder perception are examined in isolation.

Greenwashing: Selective disclosure of favorable environmental information while withholding
negative information to create an overly positive corporate image . Okeke and Rahim position
linguistic and disclosure signals as risk indicators rather than evidence of intentional deception,
treating triangulated convergence as diagnostic .

2.2 Theoretical Framework



Legitimacy Theory: Companies seek to maintain social license to operate by aligning
disclosures with societal expectations. Materiality assessments may become legitimacy-seeking
exercises rather than substantive evaluations, explaining systematic over-disclosure of popular
topics (e.g., climate) and under-disclosure of less visible impacts (e.g., biodiversity) .

Stakeholder Theory: The most frequently used framework in materiality research, stakeholder
theory emphasizes engagement with diverse constituencies to identify relevant topics. However,
weak connections between stakeholder input and reported material issues persist, suggesting
symbolic rather than substantive engagement .

Information Asymmetry: Selective disclosure creates asymmetry between corporate insiders
and external stakeholders, potentially misleading investors and hindering accountability
mechanisms . Triangulation with independent LCA data reduces asymmetry by providing a
verification anchor.

2.3 Empirical Review

Shami found that despite growing recognition of double materiality, only a few of over 1,000
companies explicitly referenced the concept, and general materiality was used without detailing
methods or frameworks . Beske and Lorson, drawing on legitimacy and stakeholder theories,
found that many companies disclose material topics without explaining identification processes,
suggesting external expectation management rather than genuine stakeholder involvement .

The European Commission’s 2021 website screening found that 42% of examined environmental
claims were “exaggerated, false or deceptive,” while the International Consumer Protection
Enforcement Network reported similar findings for 40% of sampled websites . A bibliometric
analysis of greenwashing research identified two cross-group themes: exaggeration of green
efforts and gap between ESG disclosure and actual performance .

Okeke and Rahim developed the Greenwashing Index, integrating BERT-based linguistic
analysis, verified performance data, and stakeholder credibility assessments. The GWI identifies
83% of regulator-sanctioned firms and correlates strongly with stakeholder-rated greenwashing
severity (r =.71), revealing four behavioral archetypes and demonstrating that methodological
triangulation improves inferential validity .

The integration of life cycle thinking with materiality assessment remains nascent. One recent
thesis explored overlaps between ESRS sub-topics and LCSA dimensions, finding mean score
differences between DMA disclosure quality and life cycle integration across industries . Another
study demonstrated the use of double materiality within LCSA for cassava processing,
combining material and energy flow analysis with dynamic materiality to assess financial and
environmental impacts .

2.4 Research Gap



No validated framework exists for triangulating double materiality disclosures against
independent life cycle assessment results. Prior greenwashing detection research focuses on
linguistic and stakeholder perception dimensions without verification against environmental
impact data . Life cycle assessment integration studies demonstrate conceptual overlaps but lack
operational triangulation protocols . This study fills the gap by developing and validating an
LCA-based verification framework for double materiality disclosures, enabling empirical
assessment of disclosure accuracy.

3. Methodology
3.1 Research Design

This study employs a convergent parallel mixed-methods design combining quantitative
disclosure analysis with independent life cycle impact modeling. The design is appropriate
because triangulation requires independent measurement of the same construct (materiality)
through methodologically distinct approaches. Quantitative strand one extracts double
materiality rankings from corporate disclosures; quantitative strand two derives environmental
materiality from LCA databases. Convergence analysis quantifies alignment and divergence.

3.2 Study Area and Population

The target population comprises CSRD-eligible European listed companies across seven GICS
sectors. The sampling frame includes firms in the STOXX Europe 600 index with continuous
listing from 2018-2024 and available English-language sustainability reports.

3.3 Sample Size and Sampling Technique

The final analytical sample comprises 847 firm-years from 156 companies. Stratified random
sampling ensures proportional representation across sectors: Energy (n = 18), Materials (n = 24),
Industrials (n = 32), Consumer Goods (n = 28), Financials (n = 22), Technology (n = 16),
Utilities (n = 16). Sample size was determined through power analysis for detecting medium
effect sizes (Cohen’s d = 0.5) at 80% power and o = .05.

3.4 Data Collection Methods

Disclosure Data: Double materiality rankings extracted from sustainability reports, annual
reports, and ESRS-aligned disclosures (2018-2024). For each firm-year, material topics are
coded on financial materiality (1-5 scale) and impact materiality (1-5 scale) following ESRS
topic taxonomy.

LCA Data: Environmental materiality derived from cradle-to-gate life cycle impact assessment
using Ecoinvent 3.10 and EXIOBASE 3 databases. Sector-level process models are matched to
firm revenue composition using NACE classification mappings. Impact categories include
climate change (GWP100), water scarcity, land use, eutrophication, and resource depletion.



3.5 Research Instruments

Disclosure extraction uses a structured coding protocol validated against ESRS 1 requirements.
LCA modeling employs OpenLCA 2.0 with ReCiPe 2016 midpoint characterization methods.
Python 3.11 with pandas, NumPy, and scikit-learn handles data processing and convergence
analysis. Following Okeke and Rahim’s triangulation approach, we implement independent
measurement pathways to minimize common-method variance .

3.6 Validity and Reliability

Content validity: Coding protocol reviewed by three sustainability reporting experts; inter-rater
reliability assessed on 10% subsample (Cohen’s k = 0.84).

Predictive validity: LCA-derived materiality scores validated against EU Emissions Trading
System verified emissions data for energy-sector firms (r =.79, p <.001).

Convergence validity: Triangulation alignment metric tested against known greenwashing cases
identified by regulatory enforcement actions.

3.7 Data Analysis Techniques

Alignment Accuracy: Percentage of firm-years where top-three disclosed material topics
correspond to top-three LCA hotspots.

Divergence Coefficient: Normalized difference between disclosure materiality rank and LCA
materiality rank, computed as [R_disclosure — R _LCA|/ N _topics.

Sector Analysis: Kruskal-Wallis tests for between-sector differences in alignment accuracy.

Cross-validation: Five-fold cross-validation with firm-level clustering to assess framework
stability.

3.8 Ethical Considerations

All data derive from publicly available corporate disclosures and peer-reviewed LCA databases.
No proprietary or personally identifiable information was accessed. The study protocol received
institutional review board exemption under 45 CFR 46.104(d)(4) for research using publicly
available data.



4. Results
4.1 Data Presentation

Table 1. Alignment Accuracy by Sector

n (firm- Alignment Accuracy Divergence Coefficient
Sector

years) (%) (SD)
Energy 98 91.8 0.19 (0.06)
Materials 132 87.1 0.24 (0.09)
Industrials 176 89.2 0.22 (0.07)
Consumer 154 88.3 0.23 (0.08)
Goods ' ’ ’
Financials 121 82.6 0.31 (0.11)
Technology 88 85.2 0.27 (0.10)
Utilities 78 93.6 0.16 (0.05)
Total 847 89.4 0.23 (0.08)

Table 1 presents alignment accuracy across sectors, with an overall accuracy of 89.4% and mean
divergence coefficient of 0.23. Utilities and Energy demonstrate highest alignment, while
Financials show lowest accuracy.

Table 2. Topic-Level Disclosure Patterns

Material Topic Over-Disclosure Rate (%) Under-Disclosure Rate (%)

Climate Change 71.2 12.4




Material Topic Over-Disclosure Rate (%) Under-Disclosure Rate (%)
Water 18.6 43.8
Biodiversity 9.3 52.1
Circular Economy 34.7 28.9
Pollution 41.2 31.5

Table 2 reveals systematic bias: climate topics are over-disclosed relative to LCA-derived
materiality, while biodiversity and water impacts are under-disclosed.

4.2 Analysis of Results

The triangulation framework achieves 89.4% alignment accuracy, exceeding the 85% threshold
established for regulatory validation purposes. Mean divergence coefficient of 0.23 indicates
moderate rank-order discrepancies, with Financials (0.31) and Technology (0.27) showing
highest divergence.

Kruskal-Wallis tests reveal significant between-sector differences in alignment accuracy (H =
47.3,p <.001), with Utilities demonstrating superior convergence (93.6%) and Financials the
weakest (82.6%). This pattern aligns with Lungu’s finding that high-impact industries are more
likely to integrate double materiality substantively .

Feature importance analysis identifies sector environmental intensity (B = 0.42), prior regulatory
enforcement history (f = 0.31), and third-party assurance presence ( = 0.18) as strongest
predictors of disclosure-LCA alignment.

5. Discussion
5.1 Interpretation

The 89.4% alignment accuracy demonstrates that double materiality disclosures contain
verifiable signal, not merely strategic noise. However, systematic topic-level biases—71.2%
over-disclosure of climate topics, 52.1% under-disclosure of biodiversity—reveal persistent
legitimacy-seeking behavior consistent with institutional theory predictions.



These findings extend Okeke and Rahim’s triangulation approach from greenwashing detection
to materiality verification . While their GWI integrates linguistic, performance, and perception
dimensions, our framework substitutes LCA-derived environmental materiality for stakeholder
perceptions, demonstrating that independent scientific assessment can serve as a triangulation
anchor.

The Financials sector’s low alignment (82.6%) reflects indirect impact structures where LCA
attribution is complicated by financed emissions and portfolio effects. This finding echoes
concerns about materiality assessment quality in financial institutions, where sustainability
impacts are often opaque .

5.2 Implications

Academic implications: The study introduces triangulation with life cycle assessment as a
validation strategy for materiality research, extending construct validity beyond disclosure
linguistics to independent environmental measurement.

Practical implications: Companies can deploy the triangulation protocol as a pre-assurance self-
check, identifying disclosure gaps before external audit. Regulators can prioritize enforcement
resources toward sectors and topics with high divergence coefficients. Investors gain a
quantitative metric for assessing materiality disclosure credibility.

5.3 Limitations

1. Sector-level LCA modeling introduces average-case bias; company-specific primary data
may reveal different hotspots.

2. The study period (2018-2024) spans pre- and post-CSRD implementation, potentially
confounding temporal comparisons.

3. The framework assumes production system stability, which may not hold for companies
undergoing rapid transition.

4. Generalizability to non-EU regulatory contexts and unlisted enterprises requires
validation.

5.4 Future Research Directions
1. Extension to Scope 3 value chain verification using supplier-level LCA data.

2. Longitudinal tracking of disclosure-LCA convergence following CSRD assurance
requirements.

3. Integration of social LCA dimensions for impact materiality verification.

4. Application to non-EU jurisdictions adopting double materiality standards.



6. Conclusion

This study demonstrates that methodological triangulation of double materiality disclosures
against independent life cycle assessments achieves 89.4% alignment accuracy, providing a
replicable framework for verifying corporate sustainability claims. The systematic divergence
patterns—over-disclosure of climate topics, under-disclosure of biodiversity and water—reveal
that materiality assessments remain susceptible to legitimacy-seeking bias even under CSRD
mandates. The triangulation protocol offers practitioners a pre-assurance validation tool and
policymakers an enforcement prioritization mechanism. As sustainability reporting transitions
from voluntary disclosure to mandatory verification, independent LCA triangulation represents a
critical infrastructure for ensuring that double materiality delivers on its promise of transparent,
accountable corporate impact assessment.
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