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Abstract. Objective: The aim of this paper is to explore the financial and strategic implications of decarboni-
zation from a business risk perspective. Starting from risk theory, insurance economics, and transition finance,
we conceptualize decarbonization not as a linear optimization process, but as a wicked problem. We argue
that firms face both tame and wild risks, and that transition risk occupies a hybrid position that challenges
conventional insurance as well as capital market arrangements.

Methods: To empirically assess whether these theoretical dynamics are explicit in corporate behavior, we
focus on the automotive industry, which is most exposed to decarbonization pressures. By using ESG data
(14 profile scores) and GHG emissions (Scope 1, 2, 3 — absolute and intensity-adjusted), we analyse eight
global multinational companies from the automotive sector, from 2017 to 2023. We build a novel ESG-GHG
Decoupling Index (DI), capturing the divergence between sustainability disclosure and emission performance.
Results: Our findings highlight significant misalignments in some firms, suggesting reputational risk, strategic
inconsistency, or greenwashing. We complement this with a Mahalanobis distance-based clustering, revealing
instead patterns of convergence and divergence in emissions strategy.

Conclusions: We conclude that ESG improvements alone are not sufficient indicators of true environmental
transition, and argue for a multidimensional, risk-based framework to assess corporate decarbonization efforts.
Keywords: decarbonization, cost of risk, tame and wild risks, Mahalanobis clustering, ESG-GHG decoupling
index.

1. Introduction

This paper examines whether ESG scores available for companies are reliable indicators
of companies’ efforts to decarbonize. We hypothesize that ESG scores are unlikely to
effectively capture real progress toward carbon neutrality because, as we argue, decarbon-
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ization constitutes a wicked problem, and, as such, the path to decarbonization is difficult
to optimize. We illustrate our argument with an analysis of the ESG scores of eight major
automobile manufacturers in relation to their carbon emissions.

After framing the nature of carbon risk and explaining why we consider decarbonization
awicked problem, we relate decarbonization to the cost-of-risk concept with the objective
to show the implied costs of decarbonization that cannot be captured by a company’s
ESG disclosures. We explain the cost of risk dynamics by drawing on insurance-based
literature on catastrophic risk and complex challenges. We then offer a broad review of
the empirical literature on how markets react to the uncertainty associated with carbon
risk. Carbon risk is an emerging risk, and mitigating this risk involves a significant, de-
veloping, and ultimately unknowable transition cost. We discuss risk financing strategies
that distinguish between tame and wild risks as a way to further illustrate the difficulty
a company faces in quantifying the cost of mitigating carbon risk. As part of our discus-
sion, we speculate whether the global insurance industry may play a role in shaping the
decarbonization process, potentially influencing corporate strategies through the pricing
of insurance policies, or coverage exclusions in those policies.

1.1. The Nature of Carbon Risk and Decarbonization as a Wicked Problem

While the literature supports defining the perils associated with decarbonization as either
risk or uncertainty, Hofmann and Scordis (2018) argue that distinguishing between risk
and uncertainty leads to better practical decisions. For example, Friberg (2015) explains
that a firm can fully insure/hedge risk while it can only partially address uncertainty
through operational flexibility. Decarbonization presents both risk and uncertainty, and
it itself is a wicked problem. Proposed solutions to wicked problems resist optimization
and thus can only be judged relative to each other as ‘better’ or ‘worse’. Actions taken
to solve wicked problems are often not feasible to reverse, even if hindsight proves them
worse than alternative actions.

A wicked problem, according to Rittel and Webber (1973), who coined the term, is
intractable. Achieving decarbonization, like achieving sustainability, requires successfully
solving a series of challenges in the realization that, as soon as we meet one challenge, the
environment will have shifted to produce additional challenges. The arguments of Wals
and Schwarzin (2012) on sustainability apply well to decarbonization: the pursuit of de-
carbonization is characterized by uncertainty, indeterminacy, controversy, complexity, and
bias. Our understanding of them is incomplete, contradictory, and evolving. Focusing on
German energy transition, and starting from the Rittel and Webber theoretical framework,
Biehl et al. (2023) find that the transition is not inherently wicked, but “wickedness unfolds
through the social setting into which technical solutions of the energy transition are em-
bedded”. On the other hand, Schwab and Diaz (2023) highlight how the energy transition
is a complex, ambiguous and uncertain issue, and resembles a ‘wicked problem’. By the
same token, and more recently, Seitter (2024) shows how complex the green transition
issue is, falling into the class of wicked problems, thus emphasizing that recognizing the
complexity is a necessary step.
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1.2. The Concept of the Cost of Risk in Context of Tame and Wild Risks

From the company’s perspective, we can make concrete the abstraction of decarbonization
with the aid of the so-called ‘Cost of Risk’ (CoR) concept. At its core, the CoR represents
the direct and indirect, financial and non-financial costs a company incurs to manage or
mitigate the unwanted risks it faces. To the CoR, we append the cost of Transition Risk
(TR) to explicitly account for the uncertainty associated with successfully completing the
process of decarbonization. Just like any other cost, the costs associated with transition risk
also impact the enterprise value. How companies disclose and communicate their pollution
levels and initiatives taken to reduce emissions to their external stakeholders is a subject
of extensive literature. Readers can see, for example, Pompella and Costantino (2022).

Decarbonization changes the landscape for both companies and investors, forcing them
to face new costs and, consequently, lower returns. This shift occurs within a constantly
evolving context, by presenting new challenges (as previously noted). A common method
for managing tame pure risks is to map exposures on a severity—probability grid (risk
matrix), with severity (S) on the x-axis and probability (P) on the y-axis; by contrast,
wild risks tend to exhibit power-law loss profiles in which extreme outcomes do not
meaningfully ‘average out’.

Thus, one way to view traditional insurance is as a hedge against a non-tradable risk
that a policyholder faces. For non-catastrophic perils associated with excess carbon
(climate and carbon transition risks), especially when such perils occur with regularity,
insurance-linked options are particularly useful.-

Traditional insurance policies are efficient instruments for financing tame risk. The
single triggers of traditional insurance policies are straightforward. For example, if flooding
damages a warehouse, the policy pays. An innovation to accommodate wild risk is that
of a dual-trigger where an insurance policy pays only if two separate events occur. Since
two independent events must occur both for the consumer to receive payment, the price
associated with coverage under a dual-trigger arrangement is lower. This lower price is
especially attractive to the consumer given the potential of high claims.

Insurance-Linked Securities (ILS) are an additional and popular way to finance wild
risks. Due to the procyclical nature of the unavailability of insurance for catastrophic
(CAT) risks, such as covering significant natural or man-made loss events, through tra-
ditional coverage channels, companies, insurers, and especially reinsurers turned to the
capital market to increase the capacity for financing CAT risk.

Catastrophe bonds (or CAT bonds for short) are the dominant type of ILS. They are cor-
porate bonds whose payment is inversely linked either directly or indirectly to the intensity
of a natural event such as a hailstorm, a hurricane, or an earthquake. The more intense is
the event, the lower is the bond’s repayment. Bonds are also linked to other events, such as
forest fires, floods, mortality, longevity, and mortgages. Advances in data science, sensor
technology, and simulation modeling are encouraging innovation in CAT bond triggers.-

Let us consider the issue of fair pricing in terms of ‘sustainability/decarbonization
pricing’ under the assumption that insurers are marshalled in a role complementing the
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role of governments in enforcing/promoting sustainability/decarbonization. Should —
then — insurers increase prices and discriminate or penalize consumers according to their
lack of ‘compliance’? If yes, is it fair to penalize consumers even if they cannot afford
the costs of sustainability/decarbonization? If not, then how does a society allocate such
costs? Different societies have different approaches to answering this question.-

Since insurers effectively manipulate both the price for coverage and the cost of that
coverage, the seminal analysis of Rothschild and Stiglitz (1976) shows that, in insurance
markets, only a separating equilibrium is possible. There are multiple price-quantity
combinations. The separating equilibrium develops because insurers limit the amount of
coverage consumers can buy at a given price and require a different price for different
amounts of coverage. Effectively, insurers manipulate their costs, which allows them to
profitably undercut each other as they compete for consumers. Eventually, the market
fragments and unravels. The ongoing research by Sastry et al. (2024) and Boomhower
et al. (2024) on the market for home insurance from natural disasters supports the pre-
diction of market unraveling. These studies document insurers withdrawing from the
market and a striking variation in the price-quality of available insurance.

Rothschild and Stiglitz imply that additional market restrictions must accompany
solidarity pricing. Unlike Rothschild and Stiglitz, who do not impose market restrictions,
Chatterjee et al. (2021) assume a universal insurance contract under solidarity pricing.
They show that, under such restrictions, a pooled equilibrium does emerge. This pooled
equilibrium, however, is stable only if consumers have inelastic demand.

Charpentier et al. (2022) provide an economic analysis of the catastrophe insurance
scheme in France. They explain that this regime offers broad coverage for all for a flat
price, which reflects the solidarity principle, and at its inception, it was “<...> perceived
as fair”. Also, they find that the market prices for properties in flood-prone areas adjust
to reflect their exposure to flooding, which, combined with the fact that the less affluent
population tends to occupy these less-desirable properties out of necessity, the scheme’s
“<...> flat premium means a subsidy given by other segments to the wealthier popula-
tion”.

While risk mapping is often practiced, there are caveats to its effective use. Mapping
transition risk imposes additional limitations on risk mapping. Transition risk is not a
risk in the strict sense, and, as such, it is ill-suited for charting on the risk graph, except
perhaps as a ‘wicked problem’, located near the top right region of the map S/P. It shares
with CAT risks the uncertainty, indeterminacy, controversy, and complexity.

2. The Empirical Literature on Carbon Risk and Financial Markets

According to analyses from sources such as Welton (2020), Penasco et al. (2021), and
Nikolaeva (2024), the process of decarbonization involves implementing and enforcing
sweeping policies, deploying new technologies, and addressing social and economic dislo-
cation. And the process needs to unfold evenly across a fragmented global society. Ghosh
and Gupta (2022) find that, for businesses, the financial benefits from decarbonization
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are vague and in the future, while its financial costs are definite and immediate. Carbon
peril causes both more intense events (in terms of frequency and severity) as well as slow
onset events (Nordlander et al., 2020). However, it is challenging to establish the true
empirical link, if any, between a firm’s carbon emissions and its financial performance.

Yet, Bolton and Kacperczyk (2021) find a positive relation between stock return and
a firm’s carbon emission intensity (which alternatively implies a lower price for the stock
of high-carbon emitters). However, Aswani et al. (2024) find that stock returns are only
correlated with the unscaled emissions estimated by data vendors and not with the unscaled
emissions actually disclosed by firms.

Financial markets, in order to function effectively, rely on investors having access to
low-cost, timely, and accurate information. When it comes to information on decarboniza-
tion, investors face asymmetric information due to the problematic nature of disclosure and
reporting. The convergence among the existing indices is low, which makes it challenging
for investors since the choice of an index can influence investment decisions. Nonetheless,
the low degree of convergence among these metrics (Eccles & Stroehle, 2018; Widyawati,
2020) significantly impacts reliability and comparability. Additionally, more recently,
Pompella and Costantino (2023) highlight how ESG ratings and rankings are influenced
by a lack of disclosure. This concern also finds empirical support in a paper by Seker and
Sengiir (2021), who show how ESG performance often affects financial reporting quality
more than it reflects genuine environmental progress. And still, concerning the market
investment decisions and the investors’ sentiment, Atasel et al. (2020) show that environ-
mental disclosure can impact negatively on the cost of equity, while positively affecting
firm value, thereby reinforcing the idea that the market rewards perceived sustainability.

Actually, Aswani et al. (2024) note that multicollinearity may explain why Bolton
and Kacperczyk (2021), who use emission data from one such vendor, find a relation
between emissions and returns when controlling for size but do not find a univariate
relation between emissions and returns. Furthermore, Aswani et al. (2024) show that the
positive relation between emission intensity and stock return in Bolton and Kacperczyk
(2021) is only significant for the specific industry classification system used from 7rucost
(a vendor of firm emissions data).

There are also conflicting results of Huynh and Xia (2021) and Duan et al. (2023).
Huynh and Xia (2021) construct an index of climate change news as a proxy for climate
risk. By using this proxy, they find that when society’s concern about climate risk is el-
evated, the bonds of firms with stronger environmental performance have lower returns
(which alternatively implies a higher price for the firm’s bonds). However, Duan et al.
(2023), by using emissions data from Trucost, find that it is the bonds of firms with higher
carbon emission intensity (and thus an implied weak environmental performance) that
have lower returns. Then, there is a paper by Li et al. (2024) which uses a firm’s cli-
mate-related disclosures during its quarterly calls with analysts as a proxy for the firm’s
proactiveness in addressing climate risk. They find that the less proactive firms have a
lower Tobin’s Q than the more proactive firms. Li et al. (2024) interpret Tobin’s Q (the
ratio of a firm’s market value of assets to the replacement cost of assets) as a proxy for
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the firm’s value. While this interpretation is popular, literature has also used the concept
of Tobin’s Q to represent a firm’s market power, growth potential, or current profitability.
See, for example, Lindenberg and Ross (1981), Lang et al. (1996), as well as Wernerfelt
and Montgomery (1988).

3. Empirical analysis

3.1. Sample description and objectives

As Figure 1 illustrates, we examine eight major global automotive manufacturers. These
firms vary in geographic location, product mix, technological strategy, and degree of
vertical integration, thereby offering a solid heterogeneous panel for comparison'. These
eight firms represent the population of multinational manufacturers with complete and
comparable GHG and ESG disclosures throughout the study period. Our selection of
these companies operationalizes the theoretical framing of decarbonization as a business
risk by analyzing the alignment between environmental performance and sustainability
signaling in eight global automotive companies, which is our sample, from 2017 to 2023.
The time interval for the analysis is: 2017 to 2023 for GHG emissions data (7 years), and
2019 to 2022 for ESG component scores (4 years), due to limitations stemming from data
availability and coverage consistency across all firms?2.

These data allow us to investigate whether the theoretical dynamics of decarbonization
as a business risk do correspond to the actual corporate behavior. The automotive industry
is particularly exposed to transition risk due to its direct emissions footprint, dependence
on carbon-intensive supply chains, and the rapid technological shift toward electric cars.

The empirical sample consists of eight major global automotive manufacturers: BMW,
Ford, Toyota, Tesla, General Motors, Volkswagen, Mercedes-Benz, and Renault-Nissan.
Two distinct but complementary data sources are used, both extracted from Refinitiv®
Workspace (LSEG):

a) GHG Emissions: Scope 1 (direct emissions), Scope 2 (purchased energy), and Scope

3 (value chain emissions), reported both in absolute terms and relative intensity?.
These figures allow us to track not only the total environmental footprint but also
changes in the operational efficiency and the supply chain impact.

' Our use of only eight companies is a structural characteristic of the global automotive industry. These eight
companies, and the years we study, represent almost all multinational auto manufacturers that provide both complete
and comparable GHG and ESG disclosures over the period we examine.

2 Even if the 2019-2022 window is relatively short, it represents a period of high scrutiny over sustainability
and ESG reporting, during which, regulatory (and investors’) attention has intensified. Moreover, the selected period
offers the best achievable cross-firm comparability for both GHG and ESG variables. The analysis provides a signifi-
cant perspective on the alignment (or misalignment) of decarbonization signaling and actual emissions performance
in the critical COVID and post-COVID transition phase.

3 Refinitiv provides GHG emissions intensity as a standardized metric across firms, typically
reflecting total Scope 1 and 2 emissions relative to reported revenue (in tons CO: per million USD).
The exact calculation methodology, including potential adjustments or estimations, is proprietary and
not publicly disclosed in full.
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b) ESG Scores: A 14-dimensional profile of ESG indicators, which we denote as
ESG14, as a way to highlight the multidimensional profile of these ESG scores.
The construction of these scores covers specific environmental, social, and gov-
ernance components. This detailed structure permits a more in-depth assessment
of sustainability commitment than aggregate ESG ratings.

Empirical Sample

Context 8 global manufacturers: Main Objectives

~

Automotive sector = high transition BMW, Ford, Toyota, Tesla, GM, VW, . Identify transition

risk due to: Mercedes-Benz, Renault/Nissan discontinuities

Data Sources (Refinitiv®)

* Direct emissions footprint o 2. Assess alignment: ESG
* GHG Emissions (Scope 1, 2, 3 — vs. Emissions
e Carbon-intensive supply chains absolute & intensity)
* Shift toward electrification * ESG Scores (14 components: E, S, G)
3. Detect disclosure
e Investor and regulatory scrutiny Time Span asymmetries

* GHG: 2017-2023

® ESG: 2019-2022

Figure 1. The structure of the Empirical Analysis

The empirical investigation develops according to three main objectives, by which,
we seek to:

1. Identify transition discontinuities,

2. Assess alignment between ESG commitment and emission reduction, and

3. Detect asymmetries in disclosure behavior.

3.2. GHG Emissions Relevance in the Automotive Sector

To ensure the robustness and comparability of firm-level emissions assessments in the
automotive industry, this analysis focuses on Scope 1 and Scope 2 greenhouse gas emis-
sions. These two scopes capture, respectively, direct emissions from owned or controlled
sources, and indirect emissions from the generation of purchased energy.

By contrast, Scope 3 emissions, though significant in their absolute magnitude, are treated
more prudently in this study, because of their structural dependence on downstream usage.

Scope 3 is highly heterogeneous across firms and less suitable for direct cross-com-
pany comparison.

For this reason, Scope 3 emissions are primarily reported for completeness, but the core
of the empirical evaluation, particularly the ‘decoupling analysis’ which follows is based
on the more operationally controlled and comparable Scope 1 and Scope 2 dimensions.
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Table 1. ESG scores, Absolute and Intensity based S1-S2 emissions

Company | ESG14_mean Sc1+2_abs_mean |Scl+2_int_mean

BMW 86.55 1139378.25 **B.72x*
Ford 77.30 3690271.94 25.83

General Motors 81.43 4249921.00 **31.56%*
Mercedes-Benz **92.59%* 2239500.00 13.86
Renault-Nissan 83.39 899988.25 16.99
Tesla **61.27%* **556375.00** 11.29
Toyota 82.36 6490000.00 23.94
Volkswagen 84.54 *%7142500.00** 25.46

The above-presented Table 1 reports the average ESG14 score and Scope 1+2 emissions
(absolute and intensity-based) for each company between 2019 and 2022. The highlighted
values show the highest and lowest performers across these metrics.

Notably, Mercedes-Benz displays the highest average ESG14 score, while maintaining a
moderately low emissions intensity, which suggests a fairly consistent sustainability perfor-
mance. BMW achieves the highest carbon efficiency (lowest emissions per revenue), where-
as Tesla stands out for the lowest absolute emissions, despite having the lowest ESG score.
In contrast, Volkswagen records the highest total emissions, and General Motors shows
the worst emissions efficiency.

These contrasts, once more, underscore the relevance of the Decoupling Index intro-
duced further in the paper to assess transition alignment across firms.

3.3. Emission Trajectories and Strategic Clustering

Figure 2 presents a three-dimensional visualization of greenhouse gas emission trajectories
across Scope 1, 2, and 3 for the eight automotive manufacturers over the seven-year period
from 2017 to 2023. Each data point represents a company-year observation positioned in
the 3D emission space, with balloon sizes being proportional to Scope 1 emissions, i.e.,
larger balloons reflect greater operational emissions and thus higher exposure to transition
risk through carbon-intensive production processes. Spline lines connect each company’s
annual observations to illustrate the evolution of their emission profiles over time, thus
enabling visual identification of structural patterns, strategic clustering, and the impact of
external disruptions such as the COVID-19 pandemic, on emissions trajectories. Figure
2 reveals striking divergence in emission trajectories. Four meaningful patterns emerge
from this visualization.

Some divergent emissions profiles quickly emerge. For example, Toyota and Volkswa-
gen maintain persistently high Scope 3 emissions, reflecting the dominance of internal
combustion vehicles in their product mix. Their trajectories evolve with relatively minor
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reductions across all scopes, suggesting slow operational decarbonization, despite visible
ESG engagement.

TOYOTA - 2023

3D GHG Emissions
Trajectories (Scope 1-2-3,

500M

2017-2023)
VOLKSWAGCEN - 2023 < =
VOLKSWA( _‘ Balloon sizes are proportional to
, Scope 1 emissions, year by year.
400M - 2023 Larger balloons reflect greater

TOYOTf {72017 operational (Scope 1) emissions,

proving their exposure to transition
GENERAL MOTORS - 2023 risk through high-polluting
production processes. In contrast,
companies maintaining smaller
Scope 1 show structurally lower
direct emissions and a reduced
operational decarbonization.

GENERAL MOTORS - 2017

200M

FORD - 2017

100M

MERCED@E - 2017

TESLA - 2017
0

M

s(.ooe &

oW

Figure 2. Emissions Trajectories

On the other hand, General Motors and Ford show larger structural shifts, especially
in Scope 2 and Scope 3, which may reflect both production process adjustments and
methodological changes in estimation.

Also, some low-emissions firms are clustered at the bottom of the graph: Tesla, BMW,
Mercedes-Benz, and Renault-Nissan form a relatively tight cluster in the lower-emission
zone, particularly according to Scope 1 and 2 dimensions. This suggests either more elec-
trified operations or smaller industrial footprints. However, the absolute levels for these
companies may reflect a lower overall output volume as much as efficiency.

As far as COVID-19 disruption effects, on the other hand, a visible dip in emissions
around 2020 is observed for several firms, again, especially in Scope 1 and Scope 2. This
aligns with the global production slowdown and the reduced industrial activity caused by
the pandemic. While significant, these drops appear transitory, with emissions rebounding
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in 2021 or 2022 in most cases. As such, they do not indicate structural change but rather
an external shock. Scope 3 emissions, on the other hand, display inconsistent sensitivity
to the pandemic, reinforcing their dependence on estimation models, as mentioned, rather
than real-time operational data.

Some firms exhibit nonlinear trajectories, with sharp inflection points (e.g., Ford
post-2020 or Renault-Nissan in Scope 2). These may indicate methodological changes,
production restructuring, or shifts in disclosure practices.

Finally, if we look at the GHG intensity compared to absolute emissions, the large
balloon sizes for Toyota, Volkswagen, and General Motors reflect high Scope 1 emissions,
reinforcing their exposure to operational transition risk, cost, and, in general, the needed
related efforts. In contrast, Tesla and BMW maintain relatively low Scope 1 levels across
the period.

This visual mapping allows us to qualitatively assess the alignment between corporate
emissions and ‘decarbonization narratives’.

To evaluate convergence and divergence in emissions strategies, we computed Ma-
halanobis distances between companies based on their average Scope 1 and Scope 2
emissions from 2017 to 20234, This approach isolates operationally controlled emissions
and removes distortions mostly caused by downstream-use estimates (Scope 3). The result-
ing dissimilarity matrix (Table 2) captures how similar or divergent firms are in terms of
core production-related emissions, accounting for the correlation structure across scopes.

Table 2. Dissimilarity matrix

Company | BMW ‘ FORD ‘ GENERAL ‘MERCEDES ‘ RENAULT‘ TESLA ‘TOYOTA‘VOLKSWAGEN
MOTORS NISSAN

BMW | 0,0000 24881  2,6282 0,9805 06622 3,156 53393 18,3861
FORD | 2,4881 0,0000 0,6585 1,5196 2,2163 2,5349 6,0868 19,8660
(;:gfg:; 2,6282  0,6585  0,0000 1,6608 25162 3,1879 55536 19,4010
MERCEDES | 0,9805 155196  1,6608 0,0000 09293  2,7485  5,3960 18,8430
REN'\:IS\SU;; 0,6622 2,2163 2,5162 0,9293 0,0000 2,4585 5,9401 19,0479
TESLA | 3,1156 2,5349 3,1879 2,7485 2,4585 0,0000 8,1394 21,4945
TOYOTA | 5,3393 6,0868 5,5536 5,3960 5,9401 8,1394 0,0000 13,9208
VOLKSWAGEN | 18,3861 19,8660 19,4010 18,8430 19,0479 21,4945 13,9208 0,0000

The grey scale ordered chromatography (in Figure 3) marks clear similarities (light grey
zones) and divergences (dark ones). The Volkswagen peculiarity is explicit and evident.

4 Mahalanobis distance measures multivariate dissimilarity while accounting for correlations between va-
riables. Here, each firm is represented by its average Scope 1 and Scope 2 emissions vector. Low distance means
similar emission strategies; high distance, diverging operational footprints. This metric emphasizes core industrial
emissions under direct corporate control, excluding Scope 3, so that to avoid behavioral and estimation noise.
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GHG Emission Strategy Dissimilarity (Scope 1+2)
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Figure 3. Gray scale ordered chromatography

3.4. ESG-GHG Decoupling Analysis: Motivation and Scope

To further test the alignment between corporate sustainability commitments and effective
decarbonization, we develop the promised additional metric: the ESG — GHG Decoupling
Index (DIdx).

A simple Decoupling Index captures the divergence between the percentage change in
sustainability signaling and the percentage change in GHG emissions. Formally:

Dldx = %AESG-%AGHG (1)
where the notation %A indicates percent change.

Intuitively, a positive value indicates that ESG scores have improved more than emis-
sions have increased (or that emissions have decreased more than ESG deteriorated),
which implies a favourable or coherent sustainability trajectory. A negative value suggests
the opposite: ESG scores are improving but emissions (worsening) are increasing more
than the ESG score.

This index is designed to help unveiling potential discrepancies between a firm’s pub-
licly disclosed ESG trajectory and its operational emissions performance. In our specific
case, it measures the difference between the percentage change in a company’s ESG score
and the percentage change in its greenhouse gas emissions over a common time horizon
(2019-2022). By the way, greenwashing (whether it was the result of a strategy or just
empirically documented) is not mechanically tied to the sign of the Decoupling Index.
It arises when there is a fundamental disconnect between the narrative and the impact,
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regardless of whether the index is positive or negative. A positive Decoupling Index does
not necessarily imply genuine progress. If ESG improvements are exaggerated, based on
selective disclosure, inflated ratings, or underreported emissions, the index may reflect
apparent alignment that conceals environmental inertia. In such cases, greenwashing can
occur even when the Decoupling Index is positive.

Conversely, a negative Decoupling Index — where emissions rise faster than ESG scores
improve — does not (probably) imply reputational manipulation. It may reflect transparent
or effective reporting, realistic operational constraints, or a firm’s early-stage transition
efforts. In these cases, the firm may be, let us say, honest about its challenges, even if the
Decoupling Index is negative.

This provides a ‘first-order’ metric for quantifying divergence. It is of importance
to note, however, a key interpretative limitation of this index: a single numerical value
can stem from different underlying realities. For instance, a positive DIdx could signal a
company that is genuinely reducing emissions or one that is simply improving its ESG
parameters faster than its emissions are rising.

Using absolute values is useful to measure distance, but it loses direction. As a matter of
fact, it would measure only the magnitude of the decoupling, and not the direction. Keeping
the sign preserves the direction and allows meaningful interpretation instead, but it requires
a conditional reading of the ESG and GHG trend. Thus, by preserving the sign of the DIdx,
we can interpret the four possibilities conditionally since the DIdx indicates whether there is
alignment or misalignment between the two factors. Positive decoupling occurs when ESG
improvements exceed emissions increases, or when emissions decrease faster than the ESG
scores decline, thereby suggesting a consistent sustainability approach. Negative decoupling
happens when emissions grow more rapidly than ESG improves, or when ESG declines
more steeply than emissions, which would indicate strategic inconsistency or potential
greenwashing. It is important to note that neither positive nor negative values automatically
reflect authenticity or deception; proper interpretation involves analyzing the direction of
both components. Greenwashing is not automatically associated with the index sign, but it
happens when there are significant disconnects between the narrative and the actual impact.
Apositive DIdx does not necessarily mean genuine progress if ESG improvements are exag-
gerated through selective disclosure, inflated ratings, or understated emissions. Conversely,
a negative DIdx might indicate transparent reporting of operational limitations rather than
strategic deception. The box below summarizes our conditional interpretation of the DIdx.

Strong alignment: ESG disclosures
improve, but emissions fall.

Weak and ambiguous alignment: Both
DIdx > 0 and ESG decreasing GHG decreasing |ESG disclosures and emissions fall,
suggesting a slow transition.

Potential for greenwashing or simply
DIdx < 0 and ESG increasing GHG increasing | discordant data: ESG disclosures improve
while emissions rise.

Full deterioration: ESG deteriorate while
emissions increase.

DIdx > 0 and ESG increasing GHG decreasing

DIdx < 0 and ESG decreasing GHG increasing
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The following Figure 4 summarizes the four conditional configurations of ESG and
GHG dynamics used to interpret the sign and magnitude of the Decoupling Index.

Positive decoupling index  Negative decoupling index

1 top left: 3 top right:
+%AESG & +%AESG &
—%AGHG 4 +%AGHG
Strong alignment Potential
4 greenwashing
+ AESG ~ R
Vo2 4 -
bottom left: bottom right:
—%AESG & —%AESG &
—%AGHG +%AGHG

Weak or ambiguous ¥ Full Deterioration
alignment

“+— FAGHG —

Figure 4. Interpretative matrix of the ASG-GHG Decoupling Index
(% shanges)

In the left-hand quadrants (1 and 2), the Decoupling Index is necessarily non-negative,
as ESG variations dominate or offset emission dynamics. Whereas, in the right-hand
quadrants (3 and 4), the Decoupling Index is non-positive instead, reflecting cases where
emission dynamics dominate ESG changes.

Unlike traditional methods which view ESG scores and emissions data as separate
indicators, our DIdx defines the idea of ‘alignment’ as a measurable factor. While the DIdx
is descriptive, it does allow for a systematic evaluation of whether sustainability signals
match operational performance. The aim of the DIdx is neither to generate statistically
significant metrics nor to establish causality. It simply offers insights into how ESG dis-
closures and carbon emissions (limited to Scope 1 and 2) align’. To generate statistical
inferences and confidence intervals, we would need to perform parametric testing, such
as regression analysis, but even if we use a time-series, cross-sectional design, we only
have 24 observations of both ESG scores and GHG emissions.

Our taxonomy allows a pragmatic use of the DIdx along three directions: benchmarking
across firms to assess which are the firms whose ESG disclosures are congruent with their

5 Which also — being not GHG Scope 3 emissions under the control of the firm — allow us to roughly interpret
the index as a proxy of the company efficiency.
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emissions, misalignment detection (which relates to incongruency) in unveiling how ESG
disclosures diverge from true performance, and as a check on transition risk in the sense
of answering the question of whether a company’s reported ESG scores reflect the firm’s
reality, or an expansion in ESG disclosures simply masks a deterioration of the GHG
score. Of course, an obvious limitation of the DIdx is that it does not measure causality,
and is susceptible to changes in the intensity of ESG reporting which is less costly to a
company in relation of reducing its emissions, and thus the index could be influenced by
short-term dynamics.

Nevertheless, in order to provide further insight and assessment robustness, we also
provide two parallel versions of the DIdx which can be used simultaneously with the DIdx
itself. One of these versions is based on absolute emissions (Scope 1+ 2)%, DIdx,, , and
the second is based on emissions intensity (Scope 1 + 2 per unit of output, as reported
by Refinitiv®) DIdx, 7. This dual approach tries to separate reputational narratives from
the actual environmental performance, while also accounting for operational scale and
economic growth.

We proceed to the construction and interpretation of the ESG-GHG Decoupling Index
as we enumerate. First, we compute the percentage variation in ESG scores for each firm
between 2019 and 2022, based on Refinitiv’s 14-dimensional ESG component dataset.
Second, we compute the percentage variation in GHG emissions over the same period,
limited to Scope 1 and Scope 2, which are operationally controlled and directly reportable.
Third, and in parallel, we compute the percentage variation in GHG intensity (Scope 1 +
2 relative to economic activity) in order to capture the performance improvements net of
scale effects. Fourth, we subtract the two percentage changes to derive two decoupling
measures®. Lastly, we then identify firms with positive decoupling (in the easiest case if
ESG 11 while GHG 1) and conversely identify firms with negative decoupling (which is,
again, at the easiest when ESG 1 while GHG 11). Predictably enough, greenwashing will
be most often associated to negative decoupling, as mentioned above.

The ESG score, even when limited to the ‘E’ pillar, reflects not only quantitative
emission levels but also qualitative governance aspects: such as target setting, reporting
transparency, and strategic alignment with the climate goals. Whereas the aggregate ESG
score includes social and governance dimensions, which may rise independently of envi-

6 Tt is worthy to note that absolute emissions, nothing to do with the absolute values of decoupling index ingre-
dients we have just discussed.

7 As we alluded to this, Scope 1 and Scope 2 use creates a rough efficiency proxy. Scope 3 emissions are
excluded from computing this decoupling index. Although Scope 3 represents a large share of total emissions in the
automotive sector in fact — particularly due to vehicle use-phase emissions — it is not directly controllable by firms,
and it remains subject to discretionary estimation methods. The magnitude of Scope 3 emissions depends heavily on
assumptions about the product lifespan, usage intensity, regional energy mixes, and vehicle composition. Including
it in the decoupling analysis would therefore conflate external consumer behavior and methodological noise with
internal corporate performance. For this reason, Scope 3 is retained in the dataset for transparency, but is omitted
from the alignment assessment.

8 These decoupling measures are the Absolute Decoupling Index = (%A ESG score) — (%A GHG emissions),
and the Intensity-Based Decoupling Index = (%A ESG score) — (%A GHG intensity).
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ronmental performance. Therefore, a divergence between ESG improvement and emission
trends may reflect a reweighting across ESG pillars, and not necessarily greenwashing.

3.5. ESG-GHG Decoupling Index: Results

To assess the alignment between the companies’ declared ESG commitments and their
actual environmental performance, we built a Decoupling Index which measures the diver-
gence between changes in ESG scores and changes in greenhouse gas (GHG) emissions.
The analysis distinguished between:

* Absolute emissions: Scope 1 + Scope 2 in the total physical volume.

* Emissions intensity: Scope 1 + Scope 2 emissions relative to revenue/production.

For each company i, we computed:

Dldx,, i = %A ESG_i — %A GHG,y, i @)
Dldx,,, i = %A ESG_i — %A GHG, i 3)

Where: %A ESG i is the percentage change in the firm’s ESG score (calculated as the
average of 14 Refinitiv ESG profile indicators), and %A GHG i is the percentage change
in Scope 1 + 2 emissions, either in the absolute or in the intensity-adjusted form.

The DIdx measures the net environmental alignment of ESG improvements as it
identifies companies whose ESG disclosures and emission reductions tend to be in step,
regardless of variations in their ESG scores. Table 3 presents the computed DIdx values
for each of the eight automotive manufacturers, showing the divergence between changes
in their ESG scores and greenhouse gas emissions from 2019 to 2022. The table includes
percentage changes in ESG scores (A ESG change), percentage changes in absolute emis-
sions (A GHG_abs change), and percentage changes in emissions intensity (A GHG _int
change), where GHG _int is as defined in Bolton and Kacperczyk (2021). It also provides
decoupling values for both absolute (Decoupling-abs) and intensity-adjusted (Decou-
pling_int) measures. These two metrics help assess whether companies achieved genuine
alignment between the sustainability signals and the emissions performance, with positive
values indicating ESG improvements outpacing emissions increases, and negative values
suggesting possible strategic inconsistency or greenwashing.

The bar chart (Fig. 5) displays two bars per company: the darker bar represents the
Decoupling Index based on absolute emissions. In contrast, the lighter bar reflects the
same metric based on emissions intensity.

i- Environmentally aligned companies (positive decoupling):

* Renault-Nissan, General Motors, and Mercedes-Benz exhibit positive decoupling
values across both measures. These firms improved their ESG scores while simul-
taneously reducing proportional emissions, thus suggesting a consistent and — may-
be — effective sustainability strategy.

» Volkswagen and Toyota, with their modest or mixed decoupling, do not show a
unique trend, suggesting either progress or neutrality, when not reporting issues.
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Table 3. Decoupling Indexes (absolute emissions + emissions intensity)

Company A ESG ‘ A GHG_abs | AGHG_int | Decoupling_abs Decoupling_int
change change change

BMW | 5,658784 82,21788 41,47085 -76,5591 -35,8121
Ford | -5,44643 7,903791 6,433115 -13,3502 -11,8795
General Motors | -5,01701 -40,029 -47,4905 35,01195 42,47346
Mercedes-Benz | 1,088647 -42,6146 -29,7945 43,70325 30,88315
Renault-Nissan | 3,869833 -48,753 -34,728 52,62279 38,59782
Tesla| 20,07576 24,10987 -47,8709 -4,03411 67,94664
Toyota | 1,938326 -23,268 -25,1595 25,2063 27,09782
Volkswagen | -2,90456 -15,0773 -18,3113 12,17276 15,40678

ESG-GHG Decoupling Index (2019-2022)

Decoupling Type [l Avsotute O

U_ulﬂlﬂlﬂ_ .

s
(=]

o

Decoupling Index (%)

'
Iy
o

@2‘\:\ & \10-96’ gp‘d' ‘\é’o & ,\69‘9 & #@0
Figure 5. Histogram of ESG-GHG Decoupling Indexed

ii- Misaligned companies (negative decoupling):

* BMW and Ford show negative decoupling: their ESG scores increased while
emissions rose more in proportion. This discrepancy may suggest either ineffective
environmental strategies or potential greenwashing. An emphasis on ESG reputation
without measurable, documented emission reduction could be the reason.

The following graph (Fig. 6) offers an additional analysis perspective. In this two-di-
mensional scatterplot, we have on the X-axis the decoupling based on absolute emissions,
and, on the Y-axis, the decoupling based on emissions intensity.

Each point represents a company. The dashed diagonal (where y = X) represents the
internal consistency line, where both decoupling metrics coincide, of course.
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2D Map of ESG-GHG Decoupling (2019-2022)
Dashed diagonal: no decoupling (.ESG = .GHG)
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Figure 6. Intensity vs absolute Decoupling

On the diagonal the divergence between ESG and GHG is the same, in fact, whether
you use absolute or intensity-based emissions. The above-diagonal ESG score is relatively
more divergent from the GHG absolute than from intensity (maybe, the firm improved
its intensity, but the total emissions remain high nevertheless). The below-diagonal ESG
score is relatively more divergent from GHG intensity than from absolute (possibly, the
company improved its total emissions through offsets or scaling, but no real efficiency
improvement was observed).

The graph suggests that General Motors, Mercedes-Benz, Renault-Nissan, Toyota and
Volkswagen experience a positive divergence between ESG communication and emissions
trends, across both dimensions. This could reflect a strategically consistent transition
narrative, whether or not GHGs are decreasing. They could be perceived positively by
investors or ESG analysts, but this does not guarantee real decarbonization, because of
potential lack of transparency (vocational greenwashing).

Tesla has possibly improved its operational carbon efficiency significantly (by lowering
the intensity weight), but its total emissions still increased more than its ESG improved.

BMW improved far less than the emissions increased, both in total and in intensity.
This indicates that the company has not only failed to improve, but may have even moved
backward on sustainability. Actually, even honest disclosure may not justify it.

Less dramatically, Ford’s ESG improvements have been slower than its emissions
increases, both in total and per unit. This may mean limited strategic progress, ineffective
ESG action, or a transparency-driven reporting of environmental weaknesses, but not a
coherent transition strategy. This may reflect rapid production scaling, where improvements
in ESG and technology are not yet sufficient to offset the total volume growth.

It is important to emphasize that the Decoupling Index, while analytically robust, is
built on the input data (ESG scores and GHG emissions) that are themselves subject to
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limitations in terms of accuracy and comparability. Although the index captures directional
misalignment between ESG improvement and emission trends, it does not account for
statistical significance or confidence intervals around these values®.

4. Conclusions

Our results have pragmatic relevance, much so that their relevance outweighs the data-in-
duced limitations of our analysis. We have a small number of observations because there
are relatively few global automotive manufacturers, and they only reported comparative
ESG and GHG data for only a small number of years.

The analysis carried out, while proving how challenging it may be to approach the
Decarbonization and Transition Risk by using traditional tools, reveals that, at least ac-
cording to the transparency and disclosure currently available and practiced, ESG score
improvements alone are not sufficient to infer any genuine environmental progress. By
explicitly comparing the ESG dynamics with the emissions performance, the Decoupling
Indexes we built give a few insights, and a few tools may possibly be useful in order to
distinguish credible sustainability leaders from potential greenwashers, and to operate a
multidimensional assessment of corporate climate strategy, while, at the same time, pro-
viding a valuable framework for investors, analysts, and regulators seeking to link ESG
disclosures to tangible outcomes.

Combined with the conceptual framework in the first part of the article, our results
prove that decarbonization cannot be understood merely as a technological or regulatory
challenge. It is a strategic risk problem with both tame and wild dimensions, where signals
(ESG scores) may diverge from substance (emissions), and where operational alignment
cannot be autoreferential, and it may require more than reputational adaptation.

From this perspective, the empirical evidence reinforces the characterization of decar-
bonization as a wicked problem. Firms showing a negative or unstable Decoupling Index
value are not just underperforming, but are often locked into irreversible production, tech-
nological, or supply-chain choices that limit short-term emission reductions. The absence
of a dominant or stable decarbonization pathway is reflected in the heterogeneous (and
sometimes contradictory) combinations of ESG improvements and emission trajectories
observed across firms. Rather than converging toward a clear solution, companies appear
to navigate trade-offs under deep uncertainty, where actions taken now become a reason for
future constraints and cannot be easily reversed. This ‘empirical fragmentation’ matches
the defining features of wicked problems: irreversibility, contested solutions, and the
impossibility of ex ante optimization.

By translating abstract risk typologies into measurable empirical tools, we show that
firms differ not only in outcomes, but in their very exposure to the possibility of misalign-

9 Future refinements, to the extent of a wider database which would be available, may include bootstrapped
standard errors or Bayesian credibility intervals to assess whether the observed divergences are robust to data uncer-
tainty.
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ment. This exposure — i.e., the gap between the intention and the impact — is where the
cost of risk materializes in the transition to the ‘next green’.

Future research should expand the sample to include additional sectors and a broader
range of firm sizes to assess the robustness of the Decoupling Index and its sector-specific
characteristics. As longer time series become available, integrating a predictive approach
with panel regressions, significance tests, and time clustering will enhance the analytical
framework. The gap between intention and impact — between what firms disclose and
what they emit — is where transition risk materializes, and enterprise value diminishes.
Our findings show that closing this gap requires moving beyond ESG scores to risk-
based, multidimensional frameworks that measure what truly matters, namely, verifiable
decarbonization progress.

An additional and particularly relevant possibility for future research concerns Scope
3 emissions. While we excluded it in this context from the decoupling analysis, due to
comparability and — even more —reliability concerns, improvements in Scope 3 reporting
standards and data verification could specifically affect both clustering outcomes and the
interpretation of transition alignment.
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