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ABSTRACT

Purpose - This study examines whether country-level green finance, measured by green bond
issuances, franslates info measurable improvements in the export performance of the European steel
sector, one of the most carbon-intensive and trade exposed industries under the EU's evolving climate
regulatory architecture.

Design/data/methodology - The analysis covers 17 European economies over 2015-2024 (N = 170,
balanced panel). Panel Quantile Regression (PQR) is employed to capture distributional heterogeneity
across the full range of export performance, from the weakest fo the most competitive exporters.
Findings —-Green bond issuances exert no statistically significant association with steel exports at any
quantile, interpreted through a structural temporal mismatch hypothesis. Production capacity is the
dominant export driver, with a monotonically declining elasticity from 2.33 at Q10 to 0.75 at Q90.
Carbon intensity consistently depresses exports, with a sharply amplified relationship at Q?0. Mean-
based OLS estimators reverse the sign of the production-export relationship, confirming that quantile
regression is a methodological necessity in structurally heterogeneous panels.

Originality/value - This study provides original quantile panel evidence on the green finance, export
competitiveness nexus for a major energy intensive sector, addressing a gap at the intersection of
sustainable finance, trade economics, and industrial policy. The theorization of the temporal mismatch
mechanism, the documented OLS sign reversal, and the differenfiated quantile-based policy
recommendations constitute confributions fo both the green finance literature and the economics of
EU carbon market architecture.

Keywords: Green Finance, Green Bonds, Steel Exports, Panel Quantile Regression, Export
Competitiveness, Carbon Intensity

Yesil Finansman, Yesil Getiri OlImadan Mi? Karbon Uyumu, Uretim Olcegi
ve Avrupa Celik Sektorinin ihracat Rekabet Gici

OZET

Amag - Bu calisma, yesil tahvil inraglanyla dlgtlen Ulke dUzeyindeki yesil finansmanin, AB'nin gelisen iklim
dUzenleyici mimarisi kapsaminda en karbon yogun ve ticarete acik sektdrlerden biri olan Avrupa celik
sektdrinUn ihracat performansinda dlcUlebilir iyilesmelere dénistp dénUsmedigini incelemektedir.
Tasanm/Veri/Yontem — Analiz, 2015-2024 déneminde 17 Avrupa ekonomisini kapsamaktadir (N = 170,
dengeli panel). Panel Kantil Regresyonu (PQR), en zayif ihracatcilardan en rekabetci olanlara kadar
ihracat performansinin ttm dagilimindaki heterojenligi yakalamak amaciyla kullanimaktadir.

Bulgular — Yesil tahvil inraglarn, yapisal bir zamansal uyumsuzluk hipotezi cercevesinde yorumlandiginda,
hicbir kantilde celik ihracah Uzerinde istatistiksel olarak anlamli bir iliski gdstermemektedir.. Uretim
kapasitesi, Q10'da 2,33'ten Q?0'da 0,75'e monoton bicimde azalan bir esneklikle baskin ihracat
belifeyicisi olarak éne ¢ikmaktadir. Karbon yogunlugu ihracati surekli olarak baskilamakta olup Q%0'da
keskin bicimde gUclenen bir etki gézlemlenmektedir. Ortalamaya dayall EKK tahmin edicileri Gretim-
ihracat iliskisinin isaretini tersine ¢cevirmekte ve kantil regresyonunun yapisal olarak heterojen panellerde
metodolojik bir zorunluluk oldugunu dogrulamaktadir.

Ozgiinlik/Deger - Bu calisma, sirdirilebilir finans, ticaret ekonomisi ve sanayi politikasinin kesisimindeki
bir boslugu ele alarak bUyuUk bir enerji yogun sektérde yesil finansman ile inracat rekabet gicU arasindaki
iliskiye yénelik 6zgin kanfil panel kanitlan sunmaktadir. Zamansal uyumsuzluk mekanizmasinin
teorilestiriimesi, belgelenen EKK isaret terselmesi ve farklilastinimis kantile dayall politika dnerileri, hem yesil
finansman literatirine hem de AB karbon piyasasi mimarisinin ekonomisine katki saglamaktadir.
Anahtar Kelimeler: Yesil Finansman, Yesil Tahviller, Celik ihracat, Panel Kantil Regresyon,
ihracat Rekabet GucU, Karbon Yodunlugu
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1. Introduction

The global expansion of green finance (green bonds, sustainability linked loans, and
climate aligned funds) has emerged as one of the defining structural features of
contemporary capital markets. Globally, cumulative green bond issuances surpassed USD
3.5 trillion by 2024, with European sovereigns and corporations accounting for the largest
regional share of outstanding instruments (Climate Bonds Initiative, 2024). This financial
transformation has been accompanied by an equally ambitious policy imperative: the
European Union's Green Deal, its Emissions Trading System (EU ETS) now in its most
restrictive phase, and most recently the Carbon Border Adjustment Mechanism (CBAM),
whose entered its transitional phase on 2023, and enforcement began in January 2026 have
collectively created a regulatory architecture that explicitly links financial flows, industrial
production costs, and international trade competitiveness. Yet despite the magnitude of
these concurrent transformations, a fundamental empirical question remains
conspicuously unanswered: does the mobilization of green capital into steel-sector
decarbonization strengthen, or at least preserve, export competitiveness?

It is important to note that several key institutional developments; most
prominently the full enforcement phase of CBAM and the accelerated withdrawal of EU
ETS free allowances, fall outside the study period of 2015-2024. These developments
constitute the forward-looking policy context that motivates the research question: as
carbon costs escalate and border adjustments take hold, understanding the pre-
enforcement relationship between green finance and steel export performance becomes
essential for policy design. The findings of this study should therefore be interpreted as
establishing a pre-enforcement baseline against which future post-CBAM outcomes can
be benchmarked and assessed.

The steel sector occupies a uniquely exposed position at the intersection of climate
finance and industrial trade. Responsible for approximately 8-10% of global CO,
emissions and classified as a hard-to-abate sector by the International Energy Agency
(IEA, 2020), it simultaneously represents the largest single commodity group, 69% by
weight, covered by CBAM (European Commission, 2025). With Germany, Italy, and
France ranking among the world's leading steel exporters, generating annual revenues of
over €170 billion (EUROFER, 2023), the question of whether green finance channels
capital into steel-sector decarbonization in ways that strengthen or at least preserve export
competitiveness carries major implications for both industrial policy and climate finance
architecture. The stakes are compounded by the sector's structural exposure to the EU ETS
phase-out of free emission allowances, accelerating from 2.5% annual reduction in 2026 to
complete elimination by 2034, and by escalating competitive pressure from lower-cost
producers in China, India, and Turkey who are not yet subject to comparable carbon
compliance obligations.

Despite the rapid growth of empirical literature on both green bond markets and
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the economics of the European steel sector, (Costantini (2012), Dechezleprétre, A (2023),
Di Foggia (2024)) their intersection has received remarkably little systematic attention.
Existing panel trade studies of European steel focus predominantly on conventional
determinants, productive capacity, exchange rate competitiveness, energy costs, and
market structure, without incorporating green finance as an explanatory variable. The
macroeconomic green finance literature, while increasingly rigorous on corporate
environmental and financial performance effects (Flammer, 2021; Fatica and Panzica,
2021), has not extended its analytical framework to the trade competitiveness
consequences for capital intensive, hard-to-abate sectors. This paper addresses this gap
directly.

We investigate how green finance, measured by country level green bond
issuances, (Flammer, 2021; Tang and Zhang, 2020; Fatica and Panzica, 2021), is associated
with steel export performance across 17 European economies over 2015-2024, within a
Panel Quantile Regression (PQR) framework that captures distributional heterogeneity
across the full export performance spectrum. Two features analysis original. First, the
explicit focus on green finance, rather than on environmental regulation or industrial
policy broadly construed, as the central explanatory variable is new in the panel trade
literature on European steel. While the Porter Hypothesis (Porter and van der Linde, 1995)
has motivated extensive research on the competitiveness consequences of environmental
regulation, the role of green financial markets as a transmission channel between
regulatory incentives and real sector outcomes has received far less empirical attention
(Hunjra, 2025; Maihaiti, Hunjra, Alharbi and Zhao, 2025). Our study provides original
quantile panel evidence on this channel for a major energy intensive sector.

Second, existing research often relies on mean-based estimations, failing to account
for the structural heterogeneity inherent in carbon intensive industries. (Fatica, S., and al,
(2021), Kim, J, and al, (2022), ElBannan, M. A, and al (2024), Nilsson, A. E, and al, (2025)).
The study addresses this by using quantile panel evidence to investigate green finance as
the central explanatory variable. It is important to note that Country-level green bond
issuances represent the most appropriate proxy for green finance in this analysis. Indeed,
green bonds are the dominant instrument through which environmental capital is
mobilized in Europe: by 2024, cumulative European issuances exceeded USD 1 trillion,
making them the single largest and most traceable channel of climate-aligned finance
(Climate Bonds Initiative, 2024). In addition to this, unlike broader green finance
indicators, such as ESG fund flows or sustainability-linked loans, green bond proceeds are
earmarked for specific environmental projects and subject to third-party certification,
providing a more credible and measurable signal of actual green capital deployment
(Flammer, 2021; Fatica and Panzica, 2021). Finally, country-level aggregation is
theoretically appropriate in this context: sovereign and corporate issuances jointly reflect a

national green financial ecosystem: government commitment, private sector appetite, and
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institutional capacity, that shapes the overall environment in which steel firms access low-
carbon financing.

The study is organized around three formal hypotheses derived from the
theoretical framework developed in Section 2. H1: Green bond issuances at the country
level show no statistically significant short-run association with steel export performance,
consistent with the temporal mismatch hypothesis. H2: Crude steel production capacity is
positively associated with export performance, with a declining elasticity across quantiles,
consistent with the capacity-driven export hypothesis. H3: Carbon intensity is negatively
associated with export performance, with heterogeneous relationship across quantiles
reflecting differential exposure to carbon compliance costs.

The remainder of the paper is structured as follows. Section 2 develops the
theoretical background and provides a comprehensive, thematically organized literature
review that maps the green bond market architecture, the corporate performance effects
of green bond issuance, the decarbonizations challenge specific to European steel, the EU
carbon regulatory architecture, and the nascent nexus between green finance and trade
competitiveness. Section 3 describes the data, variables, and econometric methodology.
Section 4 presents results and discussion. Section 5 concludes. Sections 6 and 7 address

policy implications and study limitations respectively.

2. Literature review

The intersection of green finance more specifically the green bond market, carbon market
architecture, and industrial trade competitiveness has generated three distinct but
interconnected bodies of scholarship, each of which informs the present analysis.

2.1. Green bond markets: architecture, performance effects, and the certification nexus
The green bond market has expanded from the European Investment Bank's inaugural
issuance in 2007 to over USD 3.5 trillion in cumulative global volume by 2024,
underpinned by the ICMA Green Bond Principles (2014) as the de facto governance
framework. The canonical empirical contribution is Flammer (2021), whose matched
difference-in-differences analysis documents a 27.7% long-run decline in issuer CO;
emissions following certified green bond issuance, alongside positive cumulative
abnormal stock returns of 0.49% at announcement, consistent with a credible
environmental signaling interpretation. Critically, these effects are exclusively significant
for third-party certified bonds; self-labelled issuances produce no discernible
environmental improvement, a finding corroborated by Fatica and Panzica (2021), who
document scope 1 emission reductions concentrated in financially material sectors.

The green premium, the pricing advantage conferred by the green label, is real but
economically modest (approximately 2 basis points in the European secondary market,
(Zerbib, 2019) and is concentrated among large, investment-grade, banking-sector issuers

(Fatica, Panzica and Rancan, 2021), raising structural doubts about whether it reliably
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benefits capital-intensive industrial issuers.

The corporate performance consequences of green bond issuance are further
moderated by managerial and organizational complementarities: De Haas, Martin, Mufils
and Schweiger (2024) demonstrate that financial and managerial barriers, costly low-
carbon technology, limited patient capital, internal inertia, are the binding constraints on
European manufacturing firms' green transitions, while Ordonez-Borrallo et al. (2024)
show that environmental performance gains are significantly stronger when senior
management commits internal resources to the green bond mandate. Hunjra (2025)
theorizes that information asymmetry and credibility signaling are the primary
mechanisms through which green capital markets influence real sector decisions, while
Yang, Hunjra et al. (2025) demonstrate synergistic interactions between digital economy

policies and green investment incentives across both emerging and advanced economies.

2.1. European Steel Decarbonization: Technological Constraints and Financing
Requirements

The European steel sector, responsible for 5-7% of total EU greenhouse gas emissions and
the largest commodity group covered by CBAM (69% by weight), faces a structural
decarbonization challenge that cannot be resolved through incremental efficiency gains.
The dominant BF-BOF route generates 1.6-2.0 tCO, per tonne of crude steel, and the
transition to hydrogen-based direct reduction (H»-DRI) constitutes the most credible deep
decarbonization pathway. Algers, Ahman and Nilsson (2025) conclude that system
transformation is required, demanding phased BF-BOF phase-out alongside simultaneous
scale-up of EAF and H,-DRI capacity. Kim et al. (2022), synthesizing 272 studies, find that
commercial H,-DRI viability requires green hydrogen prices below €2/kg, a threshold not
yet reached in most European markets.

Fan and Friedmann (2021) quantify the associated cost premium at USD 50-100
per tonne of crude steel over BF-BOF, a structural competitive disadvantage absent
carbon pricing or border adjustment. Di Foggia and Beccarello (2024) estimate sector-wide
2030 decarbonization probability at 65-76% depending on corporate commitment, a gap
that concessional green finance could theoretically close, while Rinaldi et al. (2024) project
steel price increases of 25% by 2030 and 56% by 2050 under scenarios consistent with EU
climate targets. Crucially, capital requirements for decarbonizing a single integrated plant
range from EUR 2-4 billion (IEA, 2020), far exceeding the scale of individual green bond
transactions and implying that aggregate country-level issuances constitute a noisy signal

of actual steel-sector green capital formation.

2.2. The EU Carbon Architecture, CBAM, and Distributional Competitiveness Effects
EU ETS Phase IV has tightened the annual linear reduction factor to 4.3%, propelling
average carbon prices toward €80/tonne in 2022-2023, with free allowances scheduled for
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complete elimination by 2034. Martin et al. (2014) find that free allocation has not
significantly undermined regulated firms' economic performance, while Dechezleprétre,
Nachtigall and Venmans (2023) document approximately 11% CO, emission reductions
among ETS participants, consistent with the Porter hypothesis. Flori, Borghesi and Marin
(2024) reveal through quantile regression that ETS financial performance effects are
heterogeneous, with lower-tail firms facing the sharpest profitability-carbon tensions,
precisely those most in need of green transition financing.

CBAM equalizes the carbon cost faced by EU and foreign steel producers in
European markets. Nilsson et al. (2025) find that green hydrogen-based steelmaking
achieves EU market cost-competitiveness beginning in 2026, precisely coincident with
CBAM enforcement, with transformative implications for comparative advantage. Shuai
et al. (2024 confirm through computable general equilibrium modelling that the largest
CBAM burdens fall on carbon-intensive producers in India, China, and Turkey, reshaping

global steel trade flows in ways that structurally benefit European low-carbon producers.

2.3. Green Finance as a Channel for Industrial Competitiveness

Recent literature identifies several potential mechanisms through which green finance
may influence export competitiveness. The investment channel posits that green bond
issuances raise capital that finances decarbonizations technologies (electric arc furnaces,
hydrogen direct reduction, carbon capture) which reduce production costs per unit of
carbon and improve the competitive positioning of exporters in markets with high
environmental standards. The signaling channel, grounded in Flammer (2021) and Tang
and Zhang (2020), suggests that firms or countries with active green bond programs
credibly signal to international buyers and supply chain partners a commitment to
sustainability, reducing the risk premium they face in procurement decisions and
regulatory compliance assessments.

The information channel, elaborated by Hunjra (2025) and Yang et al. (2025),
emphasizes that green bond markets aggregate dispersed information about firms'
environmental trajectories, potentially improving capital allocation toward the most
productive decarbonization strategies. Against these mechanisms, however, a critical
countervailing consideration is the temporal mismatch between green finance
mobilization and real-sector returns. Green bond proceeds earmarked for steel
decarbonizations must pass through a multi-year capital cycle, involving project
financing, procurement, installation, commissioning, and operational stabilization, before
materializing as lower carbon intensity, improved energy efficiency, or enhanced
competitive positioning. Johnson, Ahman, Nilsson and Li (2025) specifically model the
steel sector's transition dynamics under the EU ETS and CBAM and show that the capital
cycle for transitioning from BF-BOF to H,-DRI spans ten to fifteen years, far exceeding the

temporal window of contemporaneous panel estimators.
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Porter and van der Linde (1995) suggest that environmental pressures can push
tirms to innovate in ways that ultimately improve their competitiveness. Applied here, if
green bond proceeds fund new low-carbon technologies in the steel sector, firms may
build cost advantages, develop unique production methods, and offer greener products
that stand out in international markets, strengthening export performance over time.
Costantini and Mazzanti (2012), provide EU-level evidence that carbon intensive
production reduces export competitiveness in regulated markets. Three research gaps
motivate the present study: no existing panel study treats green finance as an explicit
determinant of European steel export performance; formal quantile-based analysis of
distributional heterogeneity in steel export determinants is absent from the literature; and
the potential for mean-regression sign reversals in this context has not been documented,

despite its material policy implications.

3. Data and methodology
3.1. Econometric framework
This study employs Panel Quantile Regression (PQR) as introduced by Koenker (2004)
and extended to panel settings by Lamarche (2010) and Harding and Lamarche (2014).
PQR estimates the conditional quantile function of the dependent variable given the
covariates, rather than the conditional mean. For a quantile t € (0,1), the PQR estimator
solves:
B(t) =argmin { Y} ot(In(STEXP:) — ar(t) — Xi3(1)) (1)

where ot(u) = u(t — 1{u < 0}) is the asymmetric absolute loss function (Koenker and
Bassett, 1978) and Xj is the vector of regressors. This framework directly addresses the
distributional heterogeneity prediction of the theory in Section 2: it reveals how the effects
of green finance and the other determinants of export performance differ across the full
distribution of exporting countries, from the weakest performers at Q10 to the dominant
exporters at Q90. Bootstrap inference uses 1,000 replications following Davidson and
MacKinnon (2000), Efron and Tibshirani (1993), and Janior, Fialho, and Gabriel (2015).
The methodological case for PQR over conventional mean-regression estimators rests on
two arguments. First, the theoretical reasoning in Section 2 predicts heterogeneous effects:
the capacity-driven export hypothesis implies decreasing production elasticities across
quantiles, while the temporal mismatch in green finance returns implies a stable null
result across the distribution. These are distributional predictions that only POR can test
formally. Second, the empirical distribution of all key variables is heavily right-skewed
(Table 3), a pattern that renders OLS inefficient and sensitive to leverage points.

3.2. Model Specification
The baseline panel quantile regression model takes the form:
QIn(STEXP:)(t | Xi) = a(t) + 1(1)-In(STPROD:;) + B2(1)-In(GRENFIV;) +
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B3(t)In(REER:) + B4(7):In(CRBIN:) + €i(T) (2)
where STEXP; denotes steel exports (thousands of USD); t € {0.10, 0.25, 0.50, 0.75,
0.90} is the quantile index; STPROD; is crude steel production (thousands of tonnes);
GRENFIV;; represents country-level green bond issuances (billion USD), the central
variable of interest; REER; is the real effective exchange rate index (base 2010 = 100); and
CRBINj; is carbon intensity (tCO, per tonne of steel). All variables enter in natural
logarithms, so the estimated coefficients are interpreted directly as elasticities. Country

fixed effects are absorbed into the quantile-specific intercept a().

3.3. Variable definitions and data sources

Steel exports (STEXP) are measured in thousands of USD (annual flows) sourced from the
World Integrated Trade Solution (WITS). This measure aggregates across product
categories within the steel sector and captures actual export revenues, providing a
comprehensive summary of export performance. Country-level green bond issuances
(GRENFIV) are sourced from the IMF Climate Finance Database and measured in billions
of USD. We argue that this country-level measure appropriately captures green finance
capacity for three reasons articulated in Section 2.5: sovereign green bonds signal
government commitment to the ecological transition; corporate issuances reflect private
sector appetite for green capital; and the cross-country variation is substantial (standard
deviation of USD 14.79 billion against a mean of USD 9.22 billion, see table 3), reflecting
genuine differences in green financial ecosystem development. We explicitly acknowledge
that country-level issuances are not equivalent to steel-sector-specific capital formation.

Table 1. Variables of the study and sources

Variable Code Measurement Source

Steel exports STEXP Thousands of USD (annual) World Integrated Trade

(dependent) Solution (WITS)

Steel production STPROD  Thousands of tonnes (crude World Steel Association
steel) (WSA)

Green finance GRENFIV Green bond issuances IMF Climate Finance

(billion USD) Database
Real eff. exc. rate REER Index, 2010 = 100 World Bank
Carbon intensity CRBIN ETS emissions / crude steel Tax Foundation Europe;
output (tCO,/t) WSA ; Vidovic et al. (2023)

Note: Sample: 17 European countries, 2015-2024 (N = 170, balanced panel). All variables enter in natural
logarithms.

Carbon intensity (CRBIN) is computed as the ratio of ETS-verified sector emissions
to crude steel output (tCO, per tonne), following the methodology of Vidovic, Marmier,
Zore, and Moya (2023). This measure captures both the environmental performance of
producers and their exposure to carbon compliance costs under the EU ETS and CBAM.
The Real Effective Exchange Rate (REER, World Bank, base 2010 = 100) captures
macroeconomic price competitiveness. Steel production (STPROD) proxies” productive
capacity (World Steel Association), constituting the supply-side anchor of the model
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motivated by the capacity-driven export hypothesis.
Table 2. Sample composition by export category

Large Exporters (High) Medium Exporters Small Exporters
Germany, Italy, France Portugal, Poland, Hungary, Czech Greece, Slovenia, Slovak
Republic, Netherlands, Austria, Republic, Romania,
Belgium, Spain Finland, Sweden

Note: Classification based on average crude steel output over the 2015-2024 sample period.

Table 3. Descriptive statistics

Variable Mean Std. Dev. Min Max
STEXP (000 USD) 7075.33 13640.73 3.33 72694.78
STPROD (000 tonnes) 8430.40 9553.35 240.00 43400.00
GRENFIV (bn USD) 9.22 14.79 0.015 81.63
REER (index) 95.92 6.62 82.26 125.87
CRBIN (tCO»/t) 0.85 1.23 0.06 15.69

Source: compiled by the author. Note: N = 170 (17 countries x 10 years). All variables exhibit right-skewed

distributions, providing methodological justification for PQR over OLS.

4. Empirical results and discussion

4.1. Main quantile regression estimates

Table 4 presents the panel quantile regression results across five quantile levels (t = 0.10,
0.25, 0.50, 0.75, 0.90), with OLS and fixed-effects estimates provided for comparative
reference. The overall pattern of results is strikingly consistent with the theoretical
predictions developed in Section 2: a monotonically declining production elasticity, a
stable near-zero coefficient for green finance across the entire distribution, a U-shaped
carbon intensity effect with amplification at the extremes, and exchange rate sensitivity
concentrated at the lower quantiles. The discussion proceeds variable by variable.

Table 4. Panel quantile regression results and mean-regression benchmarks

Variable Q10 Q25 Q50 Q75 Q90 OLS FE
In(STPROD) 2.330%*  1.939%*  1.050** 1.060"* 0.745"*  -0473* —0.473*
(0.180) (0.196)  (0.233)  (0.146)  (0.178)  (0.285)  (0.285)
In(GRENFIV) ~0.004 0.018 0.083  -0.092  0.038 0.030  0.030
(0.128) (0.091)  (0.080)  (0.108)  (0.063)  (0.056)  (0.056)
In(REER) 8.863* 5.786* 1693  -1.197 1193  2297% 2297
(3.739) (2.866)  (3.639)  (2.243)  (1.648)  (1.334)  (1.334)
In(CRBIN) ~1.545%%  —1.306**  -0.750"* -0.484** —4.069** —0.508** -0.508**
(0.262) (0.218)  (0.246)  (0.155)  (0.238)  (0.256)  (0.256)
Constant —24212%* -16295** -4.094 -0.484  -1346 0254  0.254
(7.671) (5.967)  (7.896)  (0.155)  (3.328)  (3.174)  (3.174)
N 170 170 170 170 170 170 170

Source: author's calculations. Notes: Bootstrapped standard errors (1,000 replications) in parentheses for Q10—
Q90; robust standard errors for OLS/FE. Significance levels: *p < 0.10, **p < 0.05, **p < 0.01.

4.2. Green finance and export performance: Interpreting the structural temporal
mismatch

The central empirical finding for GRENFIV is that green bond issuances are statistically
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insignificant at all five quantile levels and in both mean-regression specifications. Point
estimates fluctuate narrowly around zero across the distribution from -0.092 at Q75 to
+0.083 at Q50; and no coefficient approaches conventional significance thresholds. This
uniform insignificance across the full distribution, confirmed by the slope equality tests in
Table 5 (all p-values > 0.46 for GRENFIV across all quantile pairs), is itself a substantively
important result that requires careful and theoretically grounded interpretation.

We advance three complementary interpretations. The primary interpretation
invokes the temporal mismatch hypothesis developed in Section 2.5. The pathway from
green bond issuance to steel export competitiveness involves at minimum: (i) allocation of
bond proceeds to steel-sector eligible projects, a step that, as documented by the Climate
Bonds Initiative (2022), occurs infrequently given the dominance of renewable energy,
building efficiency, and transport in green bond proceeds allocation; (ii) procurement and
installation of decarbonizations capital equipment; (iii) operational stabilization of new
production processes; and (iv) market recognition and pricing of enhanced environmental
credentials by international buyers. This sequence unfolds over five to fifteen years in the
steel industry (Johnson et al., 2025; IEA, 2020), far beyond the contemporaneous and one-
period relationships that the current panel structure can capture.

The second interpretation concerns the sectoral allocation structure of European
green bond markets during 2015-2024. Although aggregate issuances grew rapidly, from
under USD 50 billion annually to over USD 300 billion by 2023, the allocation of proceeds
to steel-sector industrial applications remained limited. The bulk of certified green bond
financing in Europe flowed to renewable energy generation, building efficiency,
sustainable transport, and water infrastructure. Proceeds earmarked specifically for
industrial decarbonization, particularly for the high-cost, high-risk processes of hydrogen-
based steelmaking, constituted a small fraction of the total. This structural gap in green
finance architecture, documented by the OECD (2024) and the Climate Bonds Initiative
(2022), implies that country-level green bond issuances constitute a noisy measure of
steel-sector green capital formation, producing downward-biased estimates of the true
(long-run) relationship.

The third interpretation concerns the signaling channel. For the signaling
mechanism to generate near-term export gains, international buyers and supply chain
partners must actively update their procurement preferences in response to a country's
green bond market activity. This behavioral shift is contingent on the maturation of green
procurement standards, most prominently the EU's Corporate Sustainability Reporting
Directive (CSRD) and the Science Based Targets initiative (SBTi), that were still in early
stages of market penetration during the sample period. As Hunjra (2025) notes, the
effectiveness of the signaling channel depends on the quality of green bond certification
standards and the sophistication of buyer screening frameworks, conditions that were not
yet fully operative in European steel markets during 2015-2024.
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In sum, the null result for green finance contains a precise and policy-actionable
message: the current architecture of European green bond markets is insufficiently
connected to steel-sector decarbonization investment to generate measurable near-term
export benefits. This finding does not refute the potential for green finance to matter in
the longer run; rather, it identifies a structural gap between green financial market activity
and industrial transformation that policy design must urgently address. We confirm then
our first hypothesis.

4.3. Production capacity and the capacity driven export hypothesis

Steel production capacity is the dominant and universally positive determinant of export
performance across all five quantile levels, with the estimated production elasticity
declining monotonically from 2.33 at Q10 to 0.75 at Q90 exactly consistent with the
capacity driven export hypothesis and the diminishing marginal returns to scale predicted
by New Trade Theory for countries approaching industrial maturity. The Wald equality
test (Table 5) confirms that the slope difference between Q10 and Q90 is statistically
significant at the 1% level (Z = 6.298, p <0.001), validating the distributional pattern rather
than attributing it to sampling variability.

For low-exporting countries at Q10, a one percent increase in crude steel
production is associated with a 2.33-percent increase in exports, suggesting that
productive capacity functions as a binding constraint: these economies export close to
their feasible maximum given current production volumes, and any expansion of output
directly translates into higher export flows. For top exporters at Q90, (Germany, Italy,
France), the same production expansion generates a 0.75-percent export increase,
reflecting the fact that large producers' export volumes are constrained primarily by
demand-side factors, (global market saturation, long-term buyer contracts, product
specialization in value-added steel grades), that cannot be relaxed by additional capacity
alone. These findings closely align with Bassanini, Scarpetta and Hemmings (2015) and
Martins and Yang (2009), who document stronger capacity effects for smaller and less-
established exporters. The results confirm the second hypothesis.

The contrast with OLS and fixed-effects results is the most striking methodological
finding of this study. Both mean-based estimators yield a negative and marginally
significant coefficient for production (-0.473, p < 0.10), reversing the sign of all quantile
estimates. This sign reversal arises because OLS is sensitive to leverage effects generated
by a small number of large, specialized exporters, for whom production volumes are
partially supply-push (driven by excess capacity) rather than demand pull, creating a
spurious negative association in the pooled regression. The panel quantile estimator,
which is robust to such leverage effects, recovers the true positive relationship across the
distribution. This sign reversal is not a minor statistical nuance: it implies that

policymakers relying on OLS estimates would conclude, incorrectly, that capacity
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expansion is detrimental to export performance, a potentially costly policy error with

direct consequences for industrial and trade policy design.

4.4. Carbon intensity and environmental competitiveness

Carbon intensity is a consistent and statistically significant drag on steel export
performance at all five quantile levels. The estimated elasticity exhibits a U-shaped
pattern: large and negative at Q10 (-1.55) and Q25 (-1.31), moderating toward the center of
the distribution (-0.75 at Q50, -0.48 at Q75), and then surging to -4.07 at Q90. The Wald
tests confirm significant slope heterogeneity for carbon intensity between Q25 and Q75 (p
= 0.003) and between Q10 and Q50 (p = 0.028), validating that this non-monotonic pattern
is statistically robust.

For low-exporting countries at Q10-Q25, the negative effect of carbon intensity
reflects direct cost and market access mechanisms: carbon-intensive production raises unit
costs through EU ETS compliance obligations, reduces eligibility for green procurement
programs, and limits access to European supply chains adopting scope-3 emissions
standards. These mechanisms align with the empirical evidence of Costantini and
Mazzanti (2012), who document that carbon-intensive EU producers face export
competitiveness penalties in environmentally regulated markets.

For top exporters at Q90, the dramatically amplified coefficient (-4.07) reflects the
premium that environmental performance commands in the most competitive tier of
global steel markets. Europe's largest steel exporters operate primarily in high-value,
differentiated steel markets where buyers pay a premium for environmental credentials
and are willing to switch suppliers in response to carbon performance differences. This
finding is consistent with the CBAM impact analysis of Shuai et al. (2024), who document
that carbon compliance costs reshape competitive positions most acutely at the premium
end of the global steel market, and with Nilsson et al. (2025), who show that
environmental performance is becoming a decisive competitive factor as CBAM
enforcement reshapes the cost arithmetic of European steel imports. The magnitude of the
Q90 coefficient, while large, is theoretically coherent and directionally robust, though
appropriate caution is warranted pending robustness analyses excluding specific high-

carbon country-years. These findings confirm the third hypothesis.

4.5. Real effective exchange rate
The REER exerts a positive and statistically significant effect at Q10 (8.86) and Q25 (5.79),

but is insignificant at Q50, Q75, and Q90. This pattern precisely confirms the Berman,
Martin and Mayer (2012) theoretical prediction: exchange rate pass-through is highest for
small, undiversified exporters and negligible for large producers that exercise pricing
power in international markets. The large Q10 coefficient suggests that for the weakest

steel exporters, (Greece, Slovenia, the Slovak Republic), real currency movements
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constitute a dominant short-run competitive factor, underscoring their macroeconomic
vulnerability relative to capacity and environmental constraints. For large exporters,
exchange rate insensitivity reflects the market power embedded in specialized,
differentiated product portfolios that command premium prices regardless of short-run

currency movements.

4.6. Tests of quantile slope equality
The Wald tests confirm statistically significant slope heterogeneity for production (Q10 vs

Q90: Z = 6.298, p < 0.001) and carbon intensity (Q25 vs Q75: p = 0.003; Q10 vs Q50: p =
0.028). Green finance shows no significant slope differences across any quantile pair (all p
> 0.46), confirming that the short-term null result is stable and homogeneous across the
distribution, not merely an average of positive and negative effects that cancel out. This
result strengthens the temporal mismatch interpretation: the absence of green finance
effects is pervasive, not confined to specific segments of the export distribution, and is
consistent with a structural and systematic feature of the green bond-steel sector

relationship rather than a distributional artefact.

Table 5. Wald tests of slope equality across quantile pairs

Variable Q10 vs p Q25 vs P Q10 vs P Q50 vs P
Q90 Q75 Q50 Q90
In(STPROD) 6.298  0.000***  3.383  0.001*** 4441  0.000**  1.063  0.288
In(GRENFIV) -0.289 0.773 0.726 0.468 -0.569 0.570 0.440  0.660
In(REER) 1.748 0.080* 1.889 0.059* 1.351 0.177 0.132  0.895
In(CRBIN) -1.606 0.108 -2.996  0.003** -2.203  0.028*  0.656  0.512

Note: *p < 0.10, *p < 0.05, **p < 0.01. Z-statistics based on bootstrapped (1,000 replications) standard errors.

Source: author's calculations.

The Figure 1 represents the Quantile Process Estimates, displaying quantile-
specific coefficient paths for In(STPROD), In(GRENFIV), In(REER), and In(CRBIN) across
t© € {0.05, 0.10, ..., 0.95} with 90% bootstrap confidence bands and horizontal OLS/FE
reference lines. Of particular interest is the flat near-zero path of In(GRENIV) with narrow
confidence bands, visually confirming the stable null result across the distribution, and
the monotonically declining path of In(STPROD) confirming the capacity-driven export
hypothesis.
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Figure 1. Quantile process estimates.
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5. Policy Implications
The empirical findings of this study generate a differentiated set of policy implications,
directed at distinct tiers of the European steel sector and at the design of green finance
regulatory instruments. Three directions are identified.

First, sector-targeted green finance instruments are urgently needed. Generic
sovereign or corporate green bonds whose proceeds flow primarily to renewable energy

and building efficiency are structurally unlikely to accelerate steel decarbonization at the
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pace and scale required. The EU's Innovation Fund and Just Transition Fund should
expand eligibility criteria and co-financing structures to provide specific, competitive
financing windows for large scale steel decarbonization projects, electric arc furnaces,
hydrogen direct reduction units, and carbon capture utilization, and storage (CCUS)
infrastructure. The European Investment Bank's industrial decarbonization lending
facilities should be scaled up and made more accessible to mid-sized European producers,
who may lack the balance sheet strength to access green bond markets at investment
grade terms. The EU Green Bond Standard's taxonomy-linked thresholds for steel
(primary steel below 0.4 tCO,/tonne) should be accompanied by transition finance
provisions that reward producers on a credible decarbonization pathway rather than only
those who have already achieved best-available-technology performance.

Second, longer-horizon evaluation and incentive frameworks are required. The
evidence that green finance effects in the steel sector materialize over five to fifteen years
implies that incentive structures must be calibrated to this temporal profile. Investment
tax credits, accelerated depreciation for green capital expenditures, performance linked
green bonds with deferred coupon structures, and long duration contract for difference
mechanisms for green hydrogen supply should be designed to reduce the effective cost of
capital for investments whose competitive benefits will not appear in near-term balance
sheets or contemporaneous panel datasets. Evaluation frameworks for the EU's
Innovation Fund and CBAM revenues should incorporate appropriate temporal lags and
counterfactual analysis before drawing conclusions about the effectiveness of green
finance instruments.

Third, differentiated industrial and trade policies should reflect the quantile
heterogeneity documented in this study. For small and medium exporters at Q10-Q25,
concentrated among Central and Eastern European producers, capacity development
programs, access to the EU Innovation Fund for initial decarbonization projects, and
exchange rate stabilization through Currency Risk Management Guarantees from the
European Fund for Strategic Investments deliver the largest marginal export returns per
policy euro. For large exporters at Q90, environmental performance is the strategic
imperative: accelerated CBAM enforcement with rising reference carbon prices, robust EU
ETS pricing above €80/tonne, supply chain transparency requirements under the CSRD,
and demand side premiums through public procurement criteria favoring verified low-
carbon steel will strengthen the competitive position of Europe's decarbonization leaders
and create the market signals necessary to justify long duration green bond issuances at
industrial scale. A final policy consideration concerns the Brussels Effect (Bradford, 2020):
by projecting EU carbon standards onto trading partners through CBAM, the European
regulatory architecture creates incentives for third-country producers to align with EU
environmental standards, an externality that, if realized, would ultimately expand the

competitive space for European green steel producers in global markets.
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6. Limitations and Future Research

This study is subject to several limitations that simultaneously define a productive and
policy relevant research agenda. The most significant concerns endogeneity: steel exports
and production are jointly determined; export success may attract green finance and
facilitate decarbonization; and carbon intensity may be endogenous to export orientation
and market positioning. Panel quantile regression assumes conditional exogeneity; the
results should be interpreted as associations rather than causal effects. Future research
should explore lag-structure specifications to capture the temporal mismatch mechanism
directly, external instrumental variables exploiting variation in EU Taxonomy adoption
timelines or CBAM certificate price shocks, and panel VAR frameworks accommodating
feedback between exports, production, and environmental performance variables.

The proxy for green finance, country-level green bond issuances, captures
aggregate financial market activity rather than steel-sector-specific capital formation.
Future research with sector disaggregated green finance data-plant-level capital
expenditure in decarbonization infrastructure drawn from EU ETS registry, CBAM
declarant level data, and commercial databases such as Bloomberg NEF or the Climate
Bonds Initiative's project database, would permit more targeted inference about the green
finance, export competitiveness channel and would directly test the structural gap
hypothesis advanced in Section 4.2. The increasing granularity of CBAM reporting
requirements, which will generate novel plant-level emission intensity data for both EU
and non-EU producers beginning in 2026, represents a potentially transformative data
infrastructure for this research program.

The 2015-2024 sample encompasses three major structural disruptions, Brexit
(2016-2020), the COVID-19 pandemic (2020-2021), and the 2022 Russia-Ukraine energy
crisis, each of which generated idiosyncratic shocks to European steel production, energy
costs, and trade flows. Sub-period robustness checks separating the pre-COVID (2015-
2019) and post-COVID recovery and energy crisis (2020-2024) periods would clarify
whether the estimated slopes are driven by specific episodes rather than structural
relationships. Additionally, the country-level analysis aggregates over firms with
heterogeneous technologies, product mixes, and export orientations: a firm or plant-level
quantile analysis drawing on matched EU ETS registry, COMEXT trade, and financial
data would reveal mechanisms invisible in country-level aggregates and represents the
highest priority extension of this work. Wavelet coherence analysis, recently applied to
fiscal policy and macroeconomic growth questions, offers a complementary time-
frequency methodology suited to examining the dynamic co-movement between green
bond market indicators and European steel export performance across multiple policy

cycles.
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6. Conclusion

This study investigates the heterogeneous effects of green finance on European steel
export dynamics using Panel Quantile Regression across 17 countries and the period
2015-2024. By centering the analysis on green bond market activity operationalized as
country-level green bond issuances, as the primary variable of interest, and embedding
this within a comprehensive theoretical framework that integrates green bond market
theory, New Trade Theory, Porter's innovation offset hypothesis, and the economics of
EU carbon market architecture, the paper addresses a gap at the intersection of
sustainable finance, trade economics, and industrial policy that the existing literature has
left substantially unexplored.

The central finding: that green finance does not exhibit a statistically significant
short-term effect on steel export performance at any quantile level, is interpreted not as
evidence of green finance's irrelevance to industrial decarbonization, but as revealing a
structural temporal mismatch between green capital market activity and real-sector
industrial transformation. This mismatch operates through three channels: the long
investment cycle of steel decarbonization (10-15 years, per Johnson et al., 2025); the
structural misalignment between aggregate green bond proceeds allocation, dominated
by renewable energy, building efficiency, and transport, and steel-sector capital
requirements; and the early-stage maturation of green procurement standards that would
allow the signaling channel to generate near term competitive returns. Together, these
channels imply that the absence of a short-term effect is a structurally motivated,
theoretically coherent finding that carries its own policy message.

Beyond the green finance result, the study produces three additional contributions.
First, production capacity is the dominant export driver, with a monotonically declining
elasticity from 2.33 at Q10 to 0.75 at Q90, confirming the capacity-driven export
hypothesis and identifying diminishing marginal returns as the primary source of
distributional heterogeneity in the panel. Second, mean-based OLS and fixed-effects
estimators reverse the sign of the production-export relationship, providing direct
methodological evidence that panel quantile regression is not merely a refinement but a
necessity in panels with pronounced structural heterogeneity spanning countries as
diverse as Germany and Slovenia. Third, carbon intensity consistently depresses exports
across all quantiles, with a particularly powerful effect at the top of the distribution (-4.07
at Q90), consistent with the growing environmental compliance premium in global steel
markets and the accelerating effect of CBAM enforcement.

The study's findings are timely: as CBAM entered its enforcement phase in
January 2026 and EU ETS free allowances are progressively withdrawn, the green

finance—competitiveness nexus documented here will become increasingly consequential
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for European steel producers, their downstream buyers, and the industrial communities
in which they operate. Understanding whether and how green financial markets can be
made to effectively channel capital into the steel sector's decarbonization will be one of
the defining empirical and policy questions of the coming decade.
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