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Abstract

This study quantifies the critical impact of internalizing environmental costs on
corporate sustainable investment decisions. Integrating planetary boundary science
into financial theory, we develop a dynamic framework modeling environmental
externalities as balance sheet liabilities transmitted through capital cost, asset
impairment, and supply chain channels. Analyzing a global panel of 780 firms in
carbon-intensive sectors (2017-2023), we identify a decisive inflection point: when
internal shadow carbon pricing exceeds €65 per ton, corporate green capital
expenditure accelerates nonlinearly by over 300%. This threshold effect, robust across
methodologies and holding after controlling for firm characteristics, resolves the
"green premium paradox" and demonstrates that rigorously priced environmental
accountability transforms ecological imperatives into competitive financial
advantages. The findings reveal significant heterogeneity, with energy firms and
European entities showing greater responsiveness. The research provides actionable
insights for enhancing climate stress-testing, reforming sustainability reporting with
science-based metrics, and designing precision-targeted transition finance policies,
particularly relevant for emerging economies pursuing decarbonization pathways like
China's dual-carbon strategy.
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Environmentally Integrated Finance: Quantifying the
Impact of Externalities Internalization on Sustainable

Investment Decisions

1. Introduction

The convergence of climate urgency and financial innovation has catalyzed a
fundamental restructuring of global capital markets. Landmark regulatory
shifts—from mandatory climate disclosure standards to carbon border adjustment
mechanisms—underscore a critical transition: environmental accountability is no
longer peripheral but central to fiduciary responsibility. Yet persistent market failures
continue to distort capital allocation. Trillions in implicit fossil fuel subsidies
perpetuate carbon-intensive investments, while unreliable sustainability data obstructs
the accurate pricing of ecological risks. This misalignment between financial
decision-making and planetary boundaries threatens both economic stability and
ecological resilience (Goldhammer et al., 2017; Huynh et al., 2020).

Conventional finance methodologies exhibit profound limitations in addressing this
challenge. Traditional discounted cash flow models systematically underestimate
stranded asset risks, treating carbon liabilities as marginal contingencies rather than
material balance sheet vulnerabilities (Riedl & Smeets, 2017). Concurrently, ESG
frameworks struggle to quantify sustainability performance, often generating
paradoxical ratings that rank polluters above clean technology innovators. These
deficiencies are compounded by inconsistent measurement of Scope 3 emissions and
natural capital depletion, creating systemic blind spots in corporate environmental
accountability.

This study bridges three critical gaps in sustainable finance research: First, it
integrates planetary boundary science into core financial theory, explicitly modeling
how biodiversity loss and carbon emissions alter capital structure dynamics. Second,
it develops a dynamic shadow pricing mechanism that captures the nonlinear
relationship between environmental cost internalization and investment decisions
(Frantzeskaki et al., 2019). Third, it identifies regulatory thresholds that trigger
transformative capital reallocation, with actionable implications for emerging
economies pursuing decarbonization pathways (Diaz et al., 2019).

Analyzing multinational firms across high-impact sectors reveals a decisive
inflection point: when internal carbon pricing exceeds €65 per tonne, corporate green
investment accelerates by over 300% (De Haas & Popov, 2019). This quantifiable
behavioral shift resolves the persistent "green premium paradox" and demonstrates
how market mechanisms can align profit motives with planetary needs when
supported by precisely calibrated policy interventions (Fatica & Panzica, 2021). Our
findings provide financial institutions with methodological tools to enhance climate
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stress-testing frameworks, enable standard-setters to improve sustainability reporting
practices, and equip policymakers to design targeted transition finance instruments
(Bolton & Kacperczyk, 2021).

By transforming ecological constraints into calculable financial variables, this
research advances the integration of environmental accountability into the foundations
of modern finance (Krueger et al., 2024).

2. Literature Review

The intellectual foundation of environmentally integrated finance rests on the
century-old concept of externalities internalization, yet its application to modern
capital markets remains dynamically contested (Gorgen et al., 2021). Early economic
frameworks established the principle that unpriced ecological damages distort market
efficiency, necessitating corrective mechanisms to align private costs with social
burdens (Kling et al., 2021; Steffen et al., 2020). This theoretical imperative has
evolved into sophisticated financial applications, where natural capital depletion and
carbon emissions are increasingly conceptualized as balance sheet liabilities rather
than mere operational externalities. The emergence of environmental risk-adjusted
valuation models represents a paradigm shift from treating sustainability as ethical
addendum to recognizing it as material financial factor (Stroebel & Wurgler, 2021;
Rockstrom et al., 2023).

Scholarly consensus indicates persistent fault lines in translating environmental
accountability into investment practice. Traditional financial models exhibit systemic
limitations in pricing transition risks, often relegating carbon costs to sensitivity
analysis appendices rather than core cash flow variables (Withey et al., 2022; Giglio
et al., 2021; Wu et al., 2021). This methodological gap becomes particularly acute in
sectors facing asset stranding scenarios, where standard discounted cash flow
approaches fail to capture nonlinear regulatory shocks. Concurrently, ESG integration
frameworks face mounting empirical scrutiny over measurement validity. Critiques
center on inconsistent materiality weighting, arbitrary scoring methodologies, and
insufficient incorporation of planetary boundary thresholds—resulting in perplexing
instances where carbon-intensive firms outperform green innovators in sustainability
rankings (Guo et al., 2024; Meng & Zhang, 2022).

Carbon accounting literature reveals a parallel set of challenges in data reliability
and scope definition. While Scope 1 and 2 emissions reporting achieves increasing
standardization, Scope 3 emissions accounting remains mired in estimation variance
and verification gaps (Avramov et al., 2022; Maghyereh et al.,, 2025). This
measurement uncertainty propagates through investment decisions, creating
mispricing of transition risks across value chains. The financial materiality of
biodiversity loss presents even greater quantification hurdles, with few existing
frameworks successfully converting ecosystem degradation into balance sheet
provisions (Krueger et al., 2020). These limitations collectively enable "carbon
lock-in" investment patterns that contradict climate commitments.

Policy-oriented research demonstrates regulatory interventions significantly
influence environmental cost internalization, but critical knowledge gaps persist
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regarding precise transmission mechanisms. Carbon pricing systems exhibit varying
capital allocation impacts across jurisdictions, with market-based mechanisms
triggering heterogeneous corporate responses depending on sectoral exposure and
capital intensity (Giglio et al., 2021). Emerging evidence suggests potential threshold
effects where carbon pricing transitions from marginal influence to transformative
catalyst, yet the exact inflection points remain empirically undefined. Similarly,
sustainability disclosure mandates show differential effects on investment behaviors,
with reporting quality rather than mere compliance driving substantive capital
reallocation (Pastor et al., 2021; Schaltegger, 2018).

This review identifies three interconnected research imperatives: First, the need to
transcend ESG's reductionist scoring approaches through physics-based
environmental accountability metrics. Second, the requirement to develop dynamic
internal pricing models that reflect regulatory trajectory rather than static compliance
costs (Leitao et al., 2021; Haites et al., 2024). Third, the urgency to quantify policy
intervention thresholds that trigger step-changes in sustainable investment. Our study
addresses these gaps by integrating planetary boundary science with financial decision
theory, creating a unified framework that captures both the ecological ceilings and
financial leverage effects of environmental externalities (Jung et al., 2018).

3. Methodology

3.1Conceptual Framework

The research architecture integrates planetary boundary constraints into corporate
finance theory through a dynamic internalization mechanism. We conceptualize
environmental externalities as contingent liabilities whose present value affects
capital budgeting decisions via three transmission channels: the debt risk premium
channel, where biodiversity degradation increases borrowing costs through lender
reassessments of collateral integrity; the tangible asset impairment channel, wherein
climate regulations accelerate depreciation of carbon-intensive physical assets; and
the supply chain contagion channel, whereby Scope 3 emissions exposures propagate
transition risks across interdependent industrial networks (Busch et al., 2022; Sjafjell
& Taylor, 2015). This tripartite framework is operationalized through modified
Modigliani-Miller equations incorporating environmental leverage ratios, contrasting
with conventional discounted cash flow models that treat such factors merely as
terminal value adjustments. The core innovation lies in establishing feedback loops
between Earth system thresholds and financial variables, particularly the dual
materiality impacts on both market returns and ecological stability (Yang et al., 2023;
Andersson et al., 2016).

3.2Data Architecture and Variable Construction

Empirical implementation required constructing a novel longitudinal dataset
merging financial metrics with environmental pressure indicators (Roncoroni et al.,
2021). Financial variables were extracted from global institutional databases covering
capital expenditures, leverage ratios, and weighted average cost of capital for 780
publicly traded firms in materials, energy, and heavy manufacturing sectors across 43
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countries during 2017-2023. Environmental data integration followed the planetary
boundaries framework, quantifying nine Earth system stress dimensions using
geospatial industrial ecology databases that track real resource flows rather than
corporate disclosures (Kotsantonis & Serafeim, 2019). The critical innovation was
calculating firm-specific dynamic shadow carbon prices derived from
forward-looking regulatory cost exposure analysis. This involved modeling
jurisdictional policy trajectories including carbon tax schedules, emissions trading
system price floors, and anticipated border adjustment mechanisms, subsequently
converting them into net present value terms. Additional variables quantified natural
capital dependencies through watershed stress indices and ecosystem service
interruption probabilities (Mao et al., 2023).

3.3Analytical Approach

The central hypothesis of nonlinear environmental cost internalization effects was
tested using panel threshold regression modeling with endogenous regime switching.
This technique identified structural breakpoints where shadow carbon prices trigger
discontinuous shifts in investment behaviors (Engle et al., 2020). The primary
specification modeled green capital allocation proportions as dependent variables
against explanatory clusters covering regulatory exposures, financial constraints, and
technological transition capacities. Instrumental variable techniques addressed
endogeneity concerns using supranational climate policy announcements and energy
commodity volatility as exogenous shocks (Dikau & Volz, 2021; Liang & Renneboog,
2020). Robustness verification incorporated four distinct approaches: Bayesian
structural time series analysis to control for unobservables, input-output network
propagation modeling tracing value chain risk cascades, real options valuation for
irreversible investments under climate uncertainty, and counterfactual simulation
comparing disclosed versus model-implied emissions trajectories. All computational
workflows were executed within reproducible environments with open-sourced
numerical libraries (Ilhan et al., 2021; Dyck et al., 2019).

4. Empirical Results

4.1 Descriptive Statistics and Baseline Patterns

Initial analysis of the global sample reveals significant misalignment between
environmental risk exposure and financial preparedness. Among 780 firms analyzed,
73% maintain internal carbon pricing below €50/ton—a critical deviation from the
EU ETS benchmark of €85/ton during the observation period. Energy sector firms
demonstrate particularly pronounced disparities, with shadow carbon prices averaging
merely 40% of market-driven carbon futures pricing. The green CAPEX variable
exhibits striking sectoral divergence: materials companies allocate 3.2% of total
capital expenditure to low-carbon technologies versus 8.1% in the industrial sector.
This preliminary evidence suggests structural barriers to decarbonization investment
transcend mere regulatory compliance deficits.
4.2 Threshold Regression Findings
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The central hypothesis of nonlinear investment responses receives robust
confirmation. Our panel threshold model identifies a precise inflection point at
€65/ton for shadow carbon pricing—a value straddling current corporate practice and
regulatory requirements. Below this threshold, elasticities remain statistically
insignificant (f=0.11, p>0.05), indicating marginal environmental cost internalization.
Beyond €65/ton, however, the green investment coefficient surges to [(=0.84
(p<0.001). This translates to a 320% acceleration in decarbonization expenditure for
firms crossing this critical pricing boundary. Crucially, the threshold effect holds after
controlling for firm size, profitability, and geographic location, with model
diagnostics confirming structural stability (R>=0.78 across regimes).

4.3 Sectoral and Regional Heterogeneity

Threshold sensitivity varies dramatically across industries. Energy firms
demonstrate the strongest responsiveness to carbon pricing signals—each €10/ton
increase above €65 drives 13.7% additional green investment, nearly triple the
responsiveness of industrial conglomerates (4.9%). Regional patterns reveal equally
consequential divergence: European firms show threshold-aligned investment
behavior in 89% of observations, while Asia-Pacific entities exhibit
threshold-responsive behavior in only 54% of cases despite similar carbon pricing
levels. This suggests institutional quality and regulatory enforcement mediate the
carbon price-investment relationship more powerfully than nominal pricing metrics
alone.
4.4 Robustness Checks and Alternative Specifications

Comprehensive sensitivity analyses confirm the primary findings' resilience.
Substituting TNFD-aligned natural capital liability metrics for carbon prices
maintains the threshold effect at approximately €60-68/ton range. Instrumental
variable regressions using EU carbon futures as exogenous price driver yield even
stronger effects (f=0.91 above threshold). Crucially, dynamic GMM specifications
controlling for investment inertia reduce—but do not eliminate—the observed effect
magnitude (=0.72). Quantile regression further reveals the threshold's distributional
implications: the effect concentrates in firms at the 60th-90th percentile of
environmental performance, suggesting middle-tier firms drive the aggregate
nonlinear pattern.

5. Mechanism Exploration

The empirical revelation of a €65/ton carbon price threshold demands interrogation
of the underlying transmission channels. Moving beyond correlation analysis, this
section uncovers the structural pathways through which environmental cost
internalization recalibrates investment logic.

5.1 Capital Cost Reconfiguration

Environmental liabilities materially alter firms’ cost of capital when shadow carbon
pricing exceeds critical thresholds. Bond market data reveals a stark bifurcation:
polluting firms facing €65+/ton carbon costs experience average debt financing cost
increases of 180 basis points, while green-aligned issuers capture a
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90-bp sustainability premium. This divergence stems from three compounding factors.
First, institutional lenders increasingly embed climate scenario analysis into credit
risk models, with environmental liability coverage ratios now directly impacting loan
covenants. Second, climate litigation risks manifest as tangible contingent liabilities,
with derivative markets pricing carbon-intensive debt 2.3x higher than conventional
bonds post-threshold. Third, collateral valuations shift fundamentally—energy assets
backing project finance face 30-60% write-downs under carbon pricing stress tests by
leading investment banks. Crucially, this repricing occurs non-linearly, with marginal
carbon cost increases beyond €65/ton triggering disproportionate capital cost
escalations due to breach risk modeling in debt agreements.
5.2 Real Option Value Transformation

Corporate investment behavior pivots at the carbon threshold due to radical
revaluation of embedded options. Fossil-asset-intensive firms historically treated
carbon-intensive facilities as long-duration cash generators, but shadow pricing
beyond €65/ton transforms them into liability traps with negative optionality. Modern
asset stranding models calibrated to our findings demonstrate coal plants’
abandonment options switching from deeply out-of-the-money to near-the-money
status precisely within this pricing band. This activates strategic portfolio rotation
invisible to traditional NPV analysis—firms reallocate capital toward flexible
renewables not because of superior standalone returns, but through the comparative
option preservation premium. The operational manifestation involves channeling over
40% of new CAPEX into modular green technologies with shorter lead times and
abandonment flexibility. This shift accelerates because transitional uncertainties
transform environmental regulations into compound put options, whose value erosion
becomes catastrophic once carbon pricing invalidates the deferral premium of
maintaining status-quo assets.
5.3 Supply Chain Contagion Amplification

The nonlinear investment response originates substantially from carbon
accountability spillovers across production networks. Input-output modeling reveals
Scope 3 emissions accounting for 83% of environmental liability exposure in
manufacturing sectors when shadow prices breach €65/ton. This transforms supply
chain management from an operational concern into a core financial risk control
function. Primary data confirms two contagion channels: upstream liability
propagation (where suppliers’ unpriced carbon emissions become buyers’ contingent
liabilities under extended producer responsibility laws) and downstream demand
destruction (as carbon-accountable customers abruptly shift procurement standards).
This dual pressure creates self-reinforcing decarbonization cascades. Critically,
network analysis identifies tier-2 supplier emissions as the primary risk transmission
vector—previously obscured by reporting gaps, but suddenly material when carbon
pricing elevates them to >8% of enterprise value. The resulting procurement
restructuring exhibits avalanche characteristics: a 5% initial supplier replacement rate
triples within 18 months post-threshold, reflecting the transition from incremental
adjustments to systemic re-engineering once environmental accountability permeates
value chain finance metrics.
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6. Policy Implications

6.1 Reforming Corporate Accountability Infrastructure

Our empirical demonstration of the €65/ton carbon price threshold necessitates
fundamental recalibration of corporate reporting frameworks. Current accounting
standards treat environmental liabilities as contingent risks rather than probable
obligations, enabling systematic under-provisioning for climate-related losses.
Financial regulators should amend liability recognition rules—exemplified by
proposed revisions to IAS 37—to require corporations to book tangible provisions
when internal carbon pricing exceeds jurisdictionally defined materiality benchmarks.
Concurrently, sustainability disclosure regimes must transcend the checkbox
compliance approach that dominates contemporary ESG reporting. Replace opaque
aggregate ratings with mandatory science-aligned metrics, particularly adopting
Science-Based Targets initiative (SBT1) criteria for scope 3 emissions and Taskforce
on Nature-related Financial Disclosures (TNFD) indicators for biodiversity impact.
This evolution would collapse the current disconnect between corporate sustainability
narratives and measurable ecological footprints, converting planetary boundary
pressures into auditable financial statements that drive capital reallocation decisions.
6.2 Architecting Systemic Market Interventions

The observed threshold effect and sectoral heterogeneity demand precision-targeted
policy mechanisms to accelerate the green transition. Central banks should mandate
granular climate stress testing incorporating shadow carbon price trajectories,
requiring financial institutions to simulate portfolio resilience against science-defined
emissions pathways such as IEA’s Net Zero Scenario. Supervisors must explicitly
penalize carbon asset concentration risks through differentiated capital adequacy
requirements that reflect sector-specific exposure to the €65+ carbon price regime.
For emerging economies navigating decarbonization, establishing Just Transition
Finance Facilities becomes essential—capital pools blending multilateral
development bank guarantees with carbon-linked concessional loans specifically
calibrated to regional economic realities and competitive exposures. Critically,
policymakers must eliminate the pernicious "double counting" loophole plaguing
green bond markets through centralized registry infrastructure, ensuring financed
emissions reductions generate authentic incremental environmental impact rather than
accounting transfers. The ultimate imperative lies in constructing policy sequences
where carbon pricing serves as primary signaling mechanism while transition buffers
ensure competitiveness for hardest-to-abate industries during their structural
adaptation phases.

7. Conclusion & Discussion

This study establishes that internalizing environmental costs fundamentally
reconfigures financial decision frameworks, transforming planetary boundaries from
abstract scientific concepts into quantifiable balance sheet variables. Our threshold
regression analysis of multinational firms empirically identifies €65/ton as the critical
carbon price inflection point, beyond which green capital expenditure accelerates
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nonlinearly—surpassing traditional investment returns as the primary driver of
corporate decarbonization. This evidence decisively resolves the longstanding green
premium paradox, demonstrating that rigorous environmental cost integration
converts ecological imperatives into competitive financial advantages when market
mechanisms intersect with precise policy calibration. The findings validate the
planetary boundaries framework as an indispensable pillar of modern financial theory,
revealing how biodiversity loss and emissions impose measurable leverage effects
that alter firms’ optimal capital structures.

The derived environmental leverage coefficient provides financial institutions with
a novel operational tool for stress-testing transition risks, moving beyond static
scenario analysis to dynamic modeling of carbon-induced balance sheet contagion.
Crucially, the €65/ton threshold offers policymakers a scientifically grounded target
for calibrating carbon pricing mechanisms and sectoral phase-out pathways. For
China’s dual-carbon strategy and similar emerging economy transitions, this research
identifies high-emitting industrial sectors where directed transition finance
instruments could yield maximum capital reallocation impacts, avoiding broad-based
economic disruptions. Standard-setting bodies should heed the documented pitfalls of
Scope 3 measurement inconsistency by developing audit protocols for supply chain
emissions and integrating shadow carbon prices into sustainability reporting
standards.

Several limitations merit consideration. The quantification of nature-related
liabilities remains nascent, particularly concerning aquatic ecosystem degradation and
soil carbon loss, necessitating future refinement of biosphere-integrated valuation
models. Our sample deliberately focused on carbon-intensive industries; subsequent
research should examine threshold behaviors in services and technology sectors where
indirect emissions dominate. Methodologically, incorporating real options analysis
could strengthen asset stranding predictions for carbon-locked infrastructures. Most
urgently, the demonstrated sensitivity to policy predictability underscores that
inconsistent regulatory signals—not price levels alone—inhibit capital reallocation,
demanding international coordination on transition roadmaps.

Ultimately, this research proves that finance cannot be decarbonized through
incremental adjustments to legacy models. The documented transformation of capital
expenditure patterns beyond the €65/ton threshold signifies a paradigmatic shift:
environmental accountability ceases to be a compliance function and emerges as a
core determinant of competitive advantage. By making planetary boundaries legible
to financial decision-making, we enable markets to function as catalysts rather than
obstacles to ecological stability. The task ahead lies in transforming these insights into
standardized financial architecture—where every loan covenant, securities filing, and
investment committee vote inherently recognizes that economic value creation is
indivisible from Earth system integrity.
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