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Abstract

In the process of transition to a low-carbon economy, modern financial markets act as a catalyst for
accumulating and directing capital toward supporting green transformation projects. The most
dynamic segment is currently the green bond market, which channels investments into renewable
energy production and industrial decarbonization. Despite the extensive coverage of green financial
instruments in the works of leading scholars, the mechanism of interaction between financial flows
and actual indicators of renewable energy production remains insufficiently explored and justified.
The study employs a time series analysis methodology to investigate the interconnections between
green bond market indicators and the dynamics of renewable energy production in EU countries.
The research identified a long-term memory effect in the time series of renewable energy production:
wind energy is significantly dependent on total energy output (24,7-39 %), while solar energy shows
an increasing long-term influence (up to 26 % in the fifth period). It was found that green bond
issuance was initially determined by its own inertia but gradually became dependent on renewable
energy dynamics. These findings confirm hypothesis H1 regarding the interdependence between
financial and energy sectors, but do not support H2 on the causal impact of green bonds on renewable
energy expansion. At the same time, hypothesis H3 about the significant influence of the renewable
energy market on green bond issuance got statistical confirmation from VAR model results.

Keywords: sustainable development; financial markets; green bonds; green financial instruments;
renewable energy sources; decarbonization

1. Introduction

The current stage of global economic development is characterized by increasing climate
challenges and the urgent need to transition toward a low-carbon growth model. The mobilization
of substantial financial resources for the implementation of environmentally oriented technologies in
the alternative energy sector represents a powerful solution. Contemporary studies [1-3] emphasize
that the use of biofuels, hydrogen, biogas, and synthetic fuels constitutes a key direction of the energy
transition, which will reduce dependence on fossil fuels, decrease greenhouse gas emissions, and
facilitate the achievement of international climate goals [4].

Despite its considerable potential, innovative projects in alternative energy remain highly
capital-intensive, technologically uncertain, and characterized by long investment cycles and
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elevated risks, which diminish their attractiveness for traditional sources of investment. This
situation necessitates the development of specialized financial mechanisms capable of both
mobilizing large volumes of capital and effectively distributing risks among investors [1].

Despite the growing demand for innovative financial instruments, green bonds have taken on a
particularly important role. They combine the function of attracting investment resources with
mechanisms for managing environmental risks, thereby creating favorable conditions for the
development of the alternative fuel sector. Furthermore, green bond issuance promotes the diffusion
of ESG principles among issuers, enhances the transparency of financial flows, and provides
additional incentives for corporate environmental responsibility [1]. At the international level, green
bonds are actively used to finance projects in energy efficiency, renewable energy, sustainable water
resource management, and environmental protection [5]. However, their direct impact on the
formation and development of the alternative fuel market remains underexplored, emphasizing the
need for further scientific investigation.

On the one hand, the strengthening of regulatory pressure aimed at reducing the carbon
footprint, and on the other hand, the necessity for financial markets to adapt to new environmental
realities, further reinforce the relevance of this topic. Therefore, identifying the interconnections
between the dynamics of the alternative fuel market and the use of green finance instruments plays
a crucial role in shaping effective sustainable development policies, creating a favorable investment
environment, and enhancing the global competitiveness of the energy sector.

The present study is based on the concepts of sustainable finance and institutional theory, which
have demonstrated that the long-term market value of companies increasingly depends on their
ability to integrate social and environmental priorities into strategic development models [6-9]. The
issuance of green financial instruments, in this context, is considered both a financial mechanism and
a driver and signal of the issuers’ readiness to undertake environmental transformation and
contribute to achieving global climate commitments.

The purpose of this article is to analyze, systematize, and enhance the theoretical and
methodological foundations for the development of green financial markets and to identify the
interrelationship between green bond issuance and renewable energy development across time and
space. To achieve this goal, the study aims to: investigate the theoretical and methodological aspects
of financial market functioning under green transformation conditions; define the variables of the
study; substantiate the mathematical tools applied; construct econometric models; analyze the
interrelationships among the identified variables.

We propose following hypotheses of the study:

Hypothesis 1: strong interrelation between issuance and green bonds is present in time series.
Hypothesis 2: green bonds are causes of the changes in renewable energy’s dynamic.

Thus, based on the solutions to the proposed tasks, we will analyze the proposed hypotheses in
the context of the study's overall purpose.

2. Literature Review

Currently, the global economy is characterized by large-scale transformational processes aimed
at achieving climate neutrality, decarbonizing production, and enhancing the efficiency of resource
utilization. The European Green Deal outlines the primary directions for economic growth among
European Union (EU) member states, integrating environmental priorities, technological
advancements, and enhancements to business competitiveness [4]. The ongoing green transformation
creates conditions for economic recovery through the development of innovative sectors,
diversification of energy sources, reduction of dependence on fossil fuels, and stimulation of
investments in renewable technologies [2,3].
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A distinctive feature of business development based on sustainability principles is the ability of
enterprises to integrate into green mechanisms and develop strategies aligned with the European
Green Deal. Under these conditions, there is a need to revise business models to ensure the transition
to innovative technologies, optimize energy consumption, and incorporate social responsibility
principles. Studies by leading scholars [10,11] demonstrate that combining environmental priorities
with competitive strategy can help mitigate risks, create new market niches, and enhance economic
resilience.

Modern financial instruments for sustainable development are gradually shaping a new market
architecture that supports long-term, environmentally and socially significant investments [1,5]. On the
one hand, the development of the green financial market contributes to attracting capital for the
financing of environmental innovations and enhances business transparency; on the other hand, it
stimulates enterprises to adapt to ESG criteria [12,13]. Given the continuous increase in environmental
and climate-related risks that affect financial stability and long-term business competitiveness, the
evolution of the green financial market is becoming increasingly important [14,15].

2.1. Modern Financial Markets in the Context of the Sustainable Development Paradigm

Modern financial markets are undergoing significant transformations under the influence of the
concept of sustainable development, which integrates economic, social, and environmental priorities
into financial flows and has become the focus of numerous studies by leading scholars [16,17].
Traditional investment instruments are being gradually supplemented by mechanisms of “’green”
and sustainable finance, among which green bonds, sustainable investment funds, and other
responsible investment tools occupy a leading position [12,18]. This evolution of financial markets is
driven by the need to mitigate the risks associated with transitioning to low-carbon economic models
and ensure energy security [2,19].

The significant development of the green bond market demonstrates both growth in issuance
volumes and structural changes in approaches to assessing investment risks and financing efficiency,
as evidenced by the studies of Grishunin et al. [1] and Demski et al. [5]. Under these conditions,
financial market institutions act as both intermediaries in capital redistribution and drivers of
environmental transformations, shaping new standards of transparency, reporting, and corporate
governance [20,21].

In recent years, the interconnection between green financial instruments and traditional market
assets has intensified, as indicated by the works of Ferrer et al. [22], Yadav et al. [23], and Marin-
Rodriguez et al. [24]. Scholars have identified a dynamic interaction between green bonds, energy
markets, and stock indices, indicating the integration of green instruments into the overall financial
system and their dependence on macroeconomic fluctuations. It can therefore be concluded that
modern financial markets reactively respond to the challenges of energy transformation and, in
general, determine its pace and scale through investment mechanisms.

Regional and Institutional Features of Financial Market Development in the Context of

Sustainable Development

In EU countries, the green bond market evolves in close connection with the implementation of
climate policy and the European Green Deal [4], ensuring consistency between financial flows and
strategic decarbonization goals [25]. However, in developing countries, the green financial sector
faces challenges such as institutional instability, underdeveloped market infrastructure, and
information asymmetry, while simultaneously creating opportunities to attract long-term
investments in renewable energy [26].

The paradigm of sustainable financial market development emphasizes a balance between
innovation and regulatory requirements. On one hand, the introduction of green instruments
stimulates the development of renewable energy and low-carbon technologies [10,14]; on the other
hand, there is an increasing need to prevent “greenwashing” risks and to form unified approaches to
verifying the results of environmental investments [27].
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Modern financial markets continually integrate sustainable practices into their operational
mechanisms, ensuring both capital redistribution and the institutional foundation for economic and
environmental transformation. It can be concluded that the current stage of financial market and
instrument development illustrates the combination of innovation and regulatory constraints, as well
as the growing role of financial mechanisms in supporting low-carbon economic transformation.
Therefore, financial markets, as reactive elements of the economic system, determine the pace and
scale of energy and environmental transformation.

2.2. Institutional Foundations of the Sustainable Finance Market Formation

The formation of the sustainable finance market cannot be effective without a strong institutional
foundation that ensures trust, transparency, and accountability. When studying sustainable finance,
it is appropriate to refer to institutional theory, which explains economic behavior as the result of the
interaction between social norms, rules, and cultural expectations. In this regard, Eitrem et al. [8]
analyzed how institutional approaches are applied to environmental responsibility and the
assessment of green finance dynamics.

Recently, the literature [9,21] has actively explored the synthesis of institutional theory and
stakeholder theory, which emphasizes that both companies and financial institutions must consider
the interests of investors, society, the environment, and government bodies. Horisch et al. [21] argue
that such synthesis contributes to the formation of an integrated model in which institutions promote
sustainable development through a system of incentives, sanctions, and norms.

Thus, institutional aspects establish the rules of the game in the “green” financial market,
including the conditions for issuing green financial instruments and the mechanisms for monitoring
the use of raised investments. Within the institutional framework, standards, rules, and procedures
are established to define the “greenness” of projects and audit criteria [28]. The results of Pyka’s M.
[29] study on the implementation of the EU Green Bond Standard project show that strict
requirements for transparency, compliance, and independent verification increase market
confidence.

Regulatory initiatives regarding the disclosure of companies’ ESG information create the
prerequisites for the effective functioning of the sustainable finance market [18]. Iris S [30] examined
how regulatory frameworks and decentralized approaches integrate sustainable financial practices
into the general market context. Integrity, the rule of law, and low levels of corruption ensure the
effective implementation of environmental projects. The study by Sun et al. [31] found that countries
with a high level of institutional support are more effective in introducing green financial
instruments.

Furthermore, the research by Kellard et al. [32] highlights the importance of the national
institutional context, showing that property rights protection, the level of corporate law, and judicial
protection mechanisms have a statistically significant impact on the ability of financial systems to
support innovation in clean technologies.

In the context of sustainable finance market development, national and supranational
institutions act as catalysts. In this regard, Spielberger L. [33] emphasized the role of the European
Investment Bank in shaping sustainable financial policy, concluding that it actively promotes green
bonds within EU policy.

Moreover, state climate and emissions regulation policies can encourage issuers to commit to
green bond frameworks. Demski et al. [5] argue that countries with stricter climate policies
demonstrate faster growth in green bond issuance driven by regulatory impulses.

It is also important to consider that institutional mechanisms must address the problem of
information asymmetry, as investors cannot always assess how “green” a project truly is a concern
highlighted by Eitrem et al. [8] and Galleli et al. [9]. Insufficient transparency or data disclosure leads
to “greenwashing.” Shannon et al. [27] extensively examined the risks of information leakage and
data unreliability, underscoring the need for institutional control and transparency in sustainable
finance markets.
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2.3. Models of Financing Renewable Energy Projects

The development of the renewable energy market requires the mobilization of substantial
financial resources, which cannot always be provided through traditional lending mechanisms or
national budgets. Under such conditions, innovative financing models that combine market
instruments with the principles of sustainable development and account for low-carbon transition
risks become particularly important.

Currently, the issuance of green bonds is regarded as a powerful instrument for financing the
renewable energy sector and has evolved into a strategic financial mechanism supporting energy
transitions. Studies by Grishunin et al. [1] and Demski et al. [5] confirmed that the issuance of green
instruments facilitates the mobilization of capital at the international level while enhancing corporate
governance transparency. Green bonds not only ensure access to long-term investment resources but
also reduce financing costs through diversification of sources and an improved issuer reputation
[13,34].

Recent studies by Frolov A. [28] and Sholudko et al. [35] highlight the increasing popularity of
project financing, in which a special-purpose project company is established to accumulate capital
for future cash flows from renewable energy production. Compared to other models, this approach
minimizes investor risk by distributing it among all project participants, enabling the use of flexible
insurance mechanisms and government guarantees.

Alongside project-based approaches, public-private partnerships are gaining increasing
importance in modern practice. These arrangements combine the investment potential of the private
sector with the organizational and regulatory support of the state [15]. Such a format is particularly
effective for large-scale renewable energy infrastructure projects that require long payback periods
and significant capital investment [26].

The financial architecture of the “green” energy sector is based on flexible market instruments
[23,36,37], including green funds, climate directives, and carbon certificates. Research indicates that
these flexible tools provide mechanisms for managing price volatility in energy markets and
fluctuations in carbon certificate values.

Modern models of renewable energy project financing are thus built on a synergy between
market mechanisms, public policy, and institutional frameworks. They encompass both classical
forms of capital attraction and innovative instruments that combine financial benefits with
environmental objectives. In the context of this study, the focus is placed on green bonds as a key
instrument for financing the renewable energy market.

2.4. Green Bonds in the Context of the Sustainable Transition Concept

In contemporary literature [11,38-41], green bonds are increasingly perceived as a driver of
structural transformations in financial and economic systems. As noted by Zhou et al. [11], the
primary motivations for their issuance include the opportunity to attract new funding sources,
companies' desire to improve environmental performance, and the aim to enhance competitiveness.
These conclusions are consistent with the provisions of institutional theory, as discussed above,
which posits that financial markets adapt their mechanisms in response to environmental challenges
and regulatory constraints.

In this regard, Andersson et al. [38] and de Jong et al. [39] emphasized that the issuance of green
financial instruments serves as a market signal of companies’ readiness to manage climate risks and
integrate ESG principles into corporate governance systems.

Contractor et al. [40] found that market reactions to global shocks vary: while green bonds display
increased sensitivity to atypical events, investors in this segment tend to focus on long-term prospects
linked to climate policy and sustainable development commitments. Based on these findings, green
bonds can be viewed as an indicator of the pace and direction of energy transition financing.

Furthermore, Lu et al. [41] demonstrated that the issuance of green bonds has a statistically
significant positive effect on the environmental performance of funded projects. These conclusions
are particularly relevant for EU member states, where the renewable energy market actively
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integrates sustainable finance instruments. Such results open promising avenues for further research
on the relationship between the growth of green bond issuance and the intensification of investments
in renewable energy sources.

When examining green bonds in the context of the sustainable transition, it is also important to
highlight the contribution of Giglio et al. [19], who substantiated the functional role of green finance.
The authors concluded that financial flows directed toward mitigating climate risks foster sustainable
transition and enhance the long-term resilience of financial systems.

Thus, it can be concluded that green bonds both reduce risks associated with the physical
manifestations of climate change and mitigate transitional risks arising during economic
decarbonization. This reasoning explains the integration of ESG factors into modern financial
management practices and the growing interest of institutional investors in these instruments.

2.5. Issuance of Green Bonds as a Financial Instrument

Unlike conventional debt obligations, green financial instruments are specifically designed to
mobilize capital for financing environmental projects and sustainability-oriented initiatives. Their
emergence signifies the formation of a new model of interaction between financial and non-financial
factors in the investment process. Theoretically, green bonds are grounded in the principles of
institutional economics, which explain the rise of innovative financial tools as a response to
sustainable development challenges, as well as in the ideas of stakeholder theory discussed in the
previous section. In this context, green bonds are viewed not only as a debt instrument but also as an
integral component of a corporate strategy for creating shared value.

According to Flammer C. [34], the issuance of green bonds generates a dual effect: it provides
companies with access to diversified financial resources, strengthens their reputation, and enhances
their long-term market capitalization. Tang et al. [42] identified that green bonds can reduce costs
associated with information asymmetry; in other words, the higher transparency requirements
regarding fund utilization help mitigate conflicts between management and investors.

Today, the green financial market is regarded as a strategic tool for building competitive
business advantages amid global environmental transformation [43]. Jin et al. [36] argue that green
bonds help hedge risks in carbon markets, thereby enabling better management of environmental
and market challenges. It can thus be concluded that green instruments are becoming integrated into
the global financial system, where ESG metrics are gaining equal importance alongside traditional
indicators of profitability and risk.

The study by Lebelle et al. [44] demonstrated that the development of the green bond market
fosters greater transparency in financial flows and harmonization of disclosure standards, thereby
laying the groundwork for a new architecture of global financial governance. As a result, the
institutionalization of green finance is underway, acting as a powerful catalyst for structural shifts in
capital allocation.

We argue that green bonds serve a dual function: on the one hand, as an investment tool, they
provide access to resources for implementing environmental projects; on the other hand, as a strategic
management instrument, they reinforce investor confidence and align the interests of shareholders,
managers, and society. More broadly, green bonds should be viewed as a manifestation of the
transition from a traditional profit-oriented financial model to the paradigm of sustainable finance,
where socio-environmental criteria and long-term economic resilience become the defining priorities.

2.6. Conceptual Aspects of Green Bonds

In the current global shift toward clean energy sources, green bonds have gradually established
themselves in the literature as a powerful financing instrument for alternative fuel projects [2,20].
Their uniqueness lies in combining the classical functions of debt instruments with the achievement
of sustainability goals. This transforms green bonds into a practical embodiment of dual materiality
ensuring financial returns while generating social and environmental benefits [7]. Let us examine the
conceptual foundations of green bonds from the standpoint of several theoretical perspectives.
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From the perspective of institutional economics, the emergence of green bonds reflects changing
rules of financial market operation under the influence of climate risks and environmental challenges
[8,9]. The demand for “green” instruments arises from a combination of market and regulatory
incentives shaped by EU climate agreements and the Sustainable Development Goals [20,29].
Semieniuk et al. [3] concluded that the financial sector increasingly acts as a transmission channel for
low-carbon transition risks to the macroeconomic dimension.

According to signaling theory [45], the issuance of green bonds functions as a reputational
marker demonstrating a company’s commitment to environmental responsibility principles.
Additionally, by lowering the cost of capital, green bonds strengthen institutional trust and stimulate
additional investor demand [34,45]. A characteristic feature of this market is the “greenium”
phenomenon, whereby investors accept lower yields on green securities compared to conventional
bonds, compensating for this trade-off with non-financial benefits such as environmental impact
[1,5]. The “greenium” and its significance in this research will be analyzed in detail below.

From the perspective of agency theory [27,42,46], green bonds reduce information asymmetry
between management and investors because issuers are required to disclose information about the
environmental impact of financed projects and adhere to non-financial reporting standards. Tang et
al. [42] found that reducing information asymmetry leads to lower agency costs and improved capital
use efficiency.

“Greenium” in Modern Financial Markets

The “greenium” phenomenon has recently gained a prominent place in academic discussions
on the functioning of the green bond market [1,5,13,17,29,45]. Researchers note that investors
consciously accept lower returns on green financial instruments compared to equivalent
conventional debt securities, motivated by non-financial benefits [1,5]. This compromise is explained
by several factors:

The increasing significance of non-financial priorities in investment behavior, where market
participants focus on long-term sustainability rather than short-term gain [9];

The “greenium” acts as a signal of issuer responsibility and alignment with ESG principles [45];

The presence of green premiums reflects the influence of regulatory and political factors that
stimulate demand for environmentally oriented financial instruments [3,29].

However, the “greenium” is not constant across time and regions. Goel et al. [17] and Chen et
al. [26], using econometric modeling, demonstrated that in advanced financial systems, the
“greenium” is more pronounced due to strong demand and developed transparency infrastructure.
Conversely, in developing economies, its magnitude depends on data availability, issuer credibility,
and the overall institutional environment. Shannon et al. [27] observed that, in some cases, the
“greenium” effect may weaken or even disappear if markets are underdeveloped or investors doubt
the environmental credibility of claimed projects.

After analyzing the theoretical foundations of green bonds, we conclude that they form a
multidimensional concept of sustainable finance encompassing:

economic dimension: reduced cost of capital, emergence of the “greenium,” and development of
responsible investment markets [1,5];

institutional dimension: institutionalization of market rules and strengthening of the regulatory
framework for sustainable finance [30,33];

managerial dimension: increased transparency, accountability, and corporate governance
efficiency [21,31];

socio-environmental dimension: directing financial flows toward climate projects and enhancing
the long-term resilience of economic systems [19,25].

Therefore, green bonds should be regarded as a fundamental architectural element in
transforming the global financial system, synchronizing market mechanisms with climate policy and
the imperatives of sustainable development, while ensuring economic, managerial, institutional, and
socio-environmental balance.
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2.7. Green Bonds and the Development of the Alternative Enerqy Market

Modern research unequivocally indicates the continuous development of alternative energy
markets worldwide [2,5,14,15,24,26,41,43,47]. In this context, green bonds are considered a powerful
instrument for mobilizing financial resources. Barua et al. [43] found that the volume of green
financing is directly dependent on the institutional capacity of the state. Using econometric modeling,
the authors proved that the quality of the regulatory environment, the level of transparency in
financial mechanisms, and the stability of legal norms justify the scale of investment in alternative
energy. A similar conclusion was reached by Lu et al. [41], who, using the matching method, found
that the issuance of green bonds significantly expands access to capital for energy projects. At the
same time, the presence of government commitments to decarbonization strengthens the
effectiveness of “green” instruments, demonstrating a close link between political goals and the
efficiency of financial decisions.

The undeniable effectiveness of green bonds is confirmed in the study by Shah et al. [14], who
identified a sustainable, positive, and statistically significant relationship between the volume of their
issuance and the dynamics of investment in renewable energy. Therefore, green bonds can be seen
as a catalyst for the development of low-carbon technologies. Similar results are presented in the
work of Chen et al. [26], which revealed a causal relationship between the expansion of the green
bond market and the growth of renewable energy production in developing countries. Chen et al.
[26] substantiated a multiplier effect that generates additional opportunities for economic growth and
advancement of decarbonization goals.

In a large-scale study by Alharbi et al. [15], which included more than 100 countries, it was found
that increasing the volume of green bond issuance is closely correlated with the growth of
investments in solar, wind, and hydroelectric energy projects. Alharbi et al. [15] also noted that the
effectiveness of “green” instruments is statistically significantly dependent on a stable political
environment and the presence of incentive regulatory practices. Zhao et al. [10] analyzed the impact
of green bond issuance at the micro level and found that companies implementing projects financed
by green bonds demonstrated higher profitability and lower capital costs compared to those using
traditional mechanisms.

Marin-Rodriguez et al. [24] demonstrated that the expansion of green bond issuance has a
stabilizing effect, mitigating the consequences of oil price fluctuations while promoting capital inflow
into the green energy sector. Using portfolio analysis, Ferrer et al. [22] determined that the green
bond market is highly integrated into the system of traditional financial assets but shows weaker
correlation with oil market dynamics, providing a foundation for its autonomous development.

In the study by Bajo et al. [27], the concept of “green parity” was proposed, which aims to balance
the yield and risk profiles of green and conventional corporate bonds. This justified approach aligns
with the climate priorities of EU policy and demonstrates the institutional consolidation of green
instruments within financial portfolios. Therefore, it can be concluded that green bonds already play
a dual role as both an alternative source of financing and an integral element of a broader financial
ecosystem within the European green transformation strategy.

2.8. Regulations and Limitations of Green Bonds

As noted earlier, the development of the green bond market directly depends on the political
and regulatory frameworks that define its functioning and build investor trust. At the international
level, scholars such as Shannon et al. [27] emphasize the significant role of standards that unify
approaches to assessing project “greenness,” financial transparency, and issuer accountability. The
regulatory document “EU Green Bond Standard” has recently become a leading foundation for
harmonizing the rules of green bond issuance across EU member states, as it sets clear requirements
for fund allocation, environmental monitoring, and reporting [13,27].

National legislative initiatives create a favorable environment for capital mobilization through
tax incentives, state guarantees, and support mechanisms for corporate and municipal issuers [35,48].
However, the absence of a unified methodology for evaluating environmental projects and the
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insufficient integration of ESG criteria into financial practice remain key obstacles [25]. Establishing
clear rules for selecting “green” projects will minimize the risks of misuse of investment funds and
enhance the investment attractiveness of the renewable energy sector [28].

Despite the positive dynamics of green financial instrument development, the literature
[18,46,47] describes a number of constraints that hinder their effectiveness. Joshipura et al. [46]
highlight the phenomenon of “greenwashing,” where issuers attract green bonds to finance projects
that lack genuine environmental impact. Bajo et al. [47] concluded that there is no parity between
green and traditional financial instruments, as the former tend to have lower liquidity. Singhania et
al. [18] identified the lack of empirical research on the impact of green bonds on the transformation
of the energy sector as a significant limitation.

Semieniuk et al. [3] highlighted the importance of “transitional risks,” where the reallocation of
capital into alternative fuel production reduces asset values and creates financial bubbles. Qiuwen et
al. [2] highlighted legal uncertainties in the implementation of new technologies, particularly in
relation to ammonia toxicity and methane leakage risks.

Flottmann et al. [12] identified another limitation of the green bond market its focus on broad
“green” projects without clearly defining the share of funds directed toward alternative fuels. The
lack of sectoral detail complicates the assessment of the effectiveness of financial support for specific
innovations and limits the ability to forecast their impact on economic development. Shannon et al.
[27] further supplement these limitations by highlighting possible information distortions that alter
market expectations and affect the distribution of investment flows.

3. Methodology

The review of the literature on financial markets, green financial instruments, and their
interrelations with renewable energy markets has revealed a diversity of approaches used by scholars
to justify the dynamics of contemporary financial and environmental integration.

Researchers Chen et al. [26], applying the Generalized Method of Moments to a sample of
developing countries, proved the existence of a direct relationship between the development of the
green bond market and the growth of electricity generation from renewable sources. Similarly, Zhao
et al. [10] found that the attraction of green financing increases the investment efficiency of clean
energy projects.

Hammoudeh et al. [49] used Granger causality to identify how fluctuations in the green bond
market affect indicators of environmental and financial stability. Marin-Rodriguez et al. [24] applied
VAR models to examine the relationship between green bond issuance volumes, oil prices, and CO,
emissions, demonstrating the stabilizing effect of these instruments during periods of energy market
volatility.

Ferrer et al. [22] used portfolio analysis to assess the interdependence between green financial
assets and traditional instruments, identifying the relative autonomy of the green bond market.
Yadav et al. [23] combined the Granger Causality method with portfolio analysis to investigate the
synchronization of movements between green bonds, energy commodities, and stock indices.

Le et al. [16], using a model of dynamic spillover effects analysis, determined that fluctuations
in investor sentiment can amplify intermarket linkages. Demski et al. [5] investigated the long-term
impact of green bond market expansion on reducing greenhouse gas emissions.

Lu et al. [41] applied Propensity Score Matching to quantitatively assess the impact of green
bonds on the probability of implementing renewable energy projects. Zhao et al. [10] substantiated
that the use of “green” instruments can optimize the risk-return profile compared to traditional
financing mechanisms.

The modern methodological foundation of such studies is based on the integration of a set of
econometric and mathematical models. Their comprehensive use enables the identification of
statistically significant relationships between green bonds and renewable energy development, as
well as the drawing of conclusions about the stabilizing and multiplier effects of “green” financial
instruments in the context of the global energy transition.
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4. Materials and Methods

Our study will be based on the three tasks in the previous chapter.
Task 1. Determination of the variables of the study.
Renewable energy has big potential in development. The dynamics of renewable energy

development are illustrated in Figure 1.
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Figure 1. The dynamic of the renewable energy in compare with total energy production in the European Union.
Source: built by authors based on data from Statista [50].

The data on the Figure 1 shows us about big increasing of the percent of the renewable energy in
total energy production. The world economy has two main factors of this increasing. First one is the
technology development in the world and decrease the value of the production of the renewable
energy. Second one is the financial support of the renewable energy. Subsiding, dotation, decrease
taxes, different financial tools help in development of the renewable energy. One of the financial
supporting of the development of the renewable is green bonds. Green bonds were created in 2007 year
by European Investment Bank. The dynamic of the Green Bonds in EU is present in the Figure 2.
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Figure 2. The dynamic of the green bonds in EU, billion USD. Source: built by authors based on data from Statista
[50].

What is the reason we choose the green bonds in EU, because the EU has 54.7% of green bond’s
market in the world and 13/8% of the renewable energy production in the world? If we look the
structure of the renewable energy production in EU we can see that solar energy has 18.8% of total
renewable energy production in EU and 14.8% production in the world; wind energy has 29.1% of
total renewable energy production in EU and 19.5% in the world.
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Thus, we choose following variables in our study:

S — the production of the solar energy in the EU;

W — the production of the wind energy in the EU;

T — the production of the total energy in the EU;

Y — the issuance of green bonds in the EU.

The period of the study is 2007 - 2024 years.

Task 2. Choosing the mathematical tools for the investigation.

A lot of mathematical methods used for the study of the interrelation between two or more

factors. Purpose of the paper is find not only interrelation between factors but also the determination
of the cause and effect in factors and the finding level of influence one factor on the others. Therefore,
we propose to use the following algorithmic model for the purpose of our study (Figure 3).

Let's consider the steps of this algorithm in more detail.

Step 1. Determination of the stationarity of time series.

A stationary process has the property that the mean, variance and autocorrelation structure do
not change over time (Nist/Sematech, 2012). Stationarity can be defined in precise mathematical
terms. In our paper stationarity is a flat looking series, without trend, constant variance over time, a
constant autocorrelation structure over time and no periodic fluctuations. We use the Augmented
Dickey Fuller test for the checking of the stationarity. ADF tests the null hypothesis that a unit root is
present in a time series sample. The alternative hypothesis depends on which version of the test is
used, but is usually stationarity or trend-stationarity. It is an augmented version of the Dickey-Fuller
test for a larger and more complicated set of time series models [51].
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Figure 3. Algorithmic model for the study. Source: developed by authors.

Step 2. Determination of the lag structure and endogenous variables.

Granger Causality test is mathematical tool of this step. Green bonds are financial instrument of
the supporting renewable energy, in this case usually finance give impact with lag. For this we will
use Granger Causality test to check lag structure and causality between studied factors.

Xy =atotan X ei+...+ aipXyept...+ bipXntp @)

Xoazotazi Xy e1+...+ azpXatpt...+ bopXntp

Step 3. Construction of the VAR models.

VAR models are traditionally widely used in finance and econometrics because they offer a
framework for accomplishing important modeling goals, including [Stock and Watson 2001]: data
description, forecasting, structural inference, and analysis. The general VAR model with # variables is

Xy =atotan X ei+...+ aipXyept...+ bipXntp

Xo,=a20ta21 X1, t1+...+ azpX,tpt...+ bapXntp 2

Xnt=anotan1 Xi,t1+...+ anpX1,tpt+...+ bapXn tp
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where n — the number of variables; p — optimal lag of the VAR model.

Step 4. The study of the influence and interrelations between factors.

Impulse analysis and variance decomposition are most powerfully tools for the study of
interrelations between factors in the VAR models. Impulse response analysis is a crucial step in
econometric analyses that employ VAR models. Their main purpose is to describe the evolution of a
model’s variables in reaction to a shock in one or more variables. This feature allows to trace the
transmission of a single shock within an otherwise noisy system of equations and, thus, makes them
very useful tools in the assessment of economic policies. This technique, common in econometrics
and signal processing, helps understand how systems react to changes by measuring the propagation
and diminishing impact of a shock on variables in models like VARs, ARs, or state-space models.

Variance decomposition in VAR models describes how much of the forecast error variance for
each variable is explained by shocks to that variable itself versus shocks to other variables in the
system over time. It helps identify the relative importance of different shocks to the variables within
the VAR, revealing which external factors have the greatest impact on each variable's variability

5. Results

Based on the algorithmic model will check the results of the construction models (task 3 and task
4).

Task 3. Construction of the mathematical models

The first step of the study is checking stationarity by ADF test. The results of the checkin are

present in Table 1.

Table 1. ADF test of the investigated time series.

Time series t-Statistic Prob.*
Initial time series
S 1.068382 0.9950
T -2.423530 0.1503
W 1.927464 0.9993
Y 0.084017 0.9543
First differences of the time series
S -6.082524 0.0093
T -6.656116 0.0001
W -4.379369 0.0046
Y -4.034923 0.0080

The results of Table 1 show that all initial time series are non-stationarity, therefore we made
transformation of the time series by first differences. The results are present in Table 1. First
differences of the time series are stationarity. Thus we can use these time series for detailed study.

Second step is determination of the lag structure of VAR models. The results of the calculation
of Granger Causality test for the study of lag structure are present in Table 2.

Table 2. Granger Causality test for the study of lag structure.

Lag LogL LR FPE AIC SC HQ
0 -163.2998 NA 14208.79 20.91247 21.10562 20.92236
1 -101.0567 85.58417 47.80323 15.13209 16.09783 15.18155
2 -70.24772 26.95789* 12.44501* 13.28097* 15.01929* 13.36998*

Note * - it means about statistically significant of that criteria.

The data of Table 2 show us about statistically significant lag with 2 years. We will calculate
VAR models with this lag.
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The choice of two lags (lag =2) in the Granger model is justified by the results of the information
criteria (AIC, SC, HQ) and the likelihood test (LR), which demonstrate minimum values precisely at
this level. This means that the dynamic relationships between the variables (green bond issuance (Y)
and energy production from various sources (S, W, T) manifest themselves with a time lag of two
periods.

From an economic sense, this logically reflects the time inertia between financial and energy
processes: funds raised through green bonds require a certain amount of time to implement
investment projects in the field of renewable energy. Typically, this is 1-2 years, which is needed to
design, build or commission new capacities. Thus, a two-period lag reflects the real time gap between
financing and the actual increase in energy production.

Granger Causality test study examines the causal relationship between:

Y — S - whether green bond issuance affects solar energy production;

Y — W - whether green bonds stimulate wind energy development;

Y — T - whether the growth of green financial instruments contributes to an increase in overall
renewable energy production;

S/W/T — Y - whether the pace of RES development affects the further growth of green bond
issuance.

Possible Granger Causality test result scenarios:

1. Unilateral causality (Y — S, W or T): indicates that the green bond financial market is a driving
force for the development of renewable energy. This highlights the effectiveness of market
mechanisms in financing environmental projects.

2. Reverse causality (5, W or T — Y): indicates that the growth of green energy production
generates demand for further issuance of green bonds, as investors see successful examples of project
implementation and growth of the industry.

3. Bidirectional causality: implies interdependence between the development of the green
financial instruments market and the renewable energy sector. This scenario reflects a feedback effect,
where financial flows stimulate energy investments, and the success of energy projects, in turn,
increases the attractiveness of the green bond market.

The third step of the algorithmic model is construction of the VAR models and finding of the
parameters. The results of the calculation of the parameters of VAR models are present in the Table 3.

Table 3. Calculation of the parameters of VAR models.

Criteria S T W Y
S1(-1) 1.556354 -15.82094 0.157191 59.54071
S1(-2) -0.444393 -536.6879 0.167028 -584.2693
T1(-1) 8.76E-05 -0.650506 0.000222 -0.167707
T1(-2) -0.000142 -0.381949 0.000336 -0.162779
WI1(-1) -0.132932 -68.02934 -0.600800 259.5828
W1(-2) 0.246954 301.2447 -0.267557 837.3711
Y1(-1) 0.000131 -0.431678 -0.000112 0.064759
Y1(-2) -0.000113 -0.078260 0.000256 0.230021

C -0.006608 2.313223 0.147152 -51.32880
R-squared 0.805765 0.793379 0.815494 0.876314

As we look, R-squared is high, it's mean that VAR models are statistically adequate and we can
use it to the analysis of the interrelation between factors.
Analysis of the parameters of the models got following results:

i)  All lag structure of the energy factors besides wind factor show positive influence on the
development of issuance of green bond (parameters with lag 1 and lag 2 are positive);

ii) Production of the total energy have most influence on the green bond in one piece in quantity
equivalent
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The results of the analysis by types of the energy:

i) Solar Energy (S). Strong autocorrelation is observed within the solar energy sector (S(-1) =
1.556), indicating that current production depends significantly on previous levels. The negative
second lag (-0.444) suggests short-term stabilization after growth periods.

ii) Wind Energy (W). Coefficients W(-1) =-0.601 and W(-2) =-0.268 reveal a cyclical development
pattern due to capital intensity and seasonality. Positive effects from solar energy (S(-1) and S(-2))
highlight synergy between renewable sources.

iii) Total Energy (T). Moderate negative autocorrelation (T(-1) = -0.65; T(-2) = -0.38) indicates
potential regulatory or structural changes in the energy market. Negative coefficients show
stabilization following growth surges. The influence of solar and wind energy on total output
confirms intersectoral integration.

iv). Green Bond Issuance (Y). The highest determination level (R? = 0.876) indicates strong
explanatory power. Positive Y(-1) and Y(-2) show market inertia - prior issuances encourage
subsequent ones. The influence of wind and solar variables (e.g.,, W(-2) = 837.37; S(-1) = 59.54)
demonstrates a financial-energy link.

In conclusion of the analysis of the VAR model see that the VAR model confirms a mutually
dependent system where renewable energy production and green bond issuance influence each
other. The most significant relationship is between green bonds and wind energy, reflecting
investment capital needs. Lagged effects confirm the presence of time delays between financing and
project realization

Task 4. Analysis of the interrelation between variables.

We calculated impulse analysis, and the results are presented in Figure 4.

Response of S1 to Cholesky Response of T1 to Cholesky
One S.D. Innovations One S.D. Innovations
.30 80
.25 4 60 |
.20 40
15 20
110 4 0
.00 -40
--05 T T T T T T T T T -60 T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
—81 —— T1 ——— W1 —— Y1 — 81 ——T1 —— W1 —— Y1
Response of W1 to Cholesky Response of Y1 to Cholesky
One S.D. Innovations One S.D. Innovations
.06 40
204
.04 |
0
.02 20
.00 40
-.02 4
-80 4
-04 T T T T T T T T T -100 T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
[—s1t — 71 — w1 — 1] [—s1t —T1 — w1 — 1]

Figure 4. Impulse analysis of the interrelation between energy and financial markets.

We made following conclusion:

i)  The impulse response analysis illustrates how one standard deviation shocks in a particular
variable affect other variables over time within the VAR system. The results for solar energy (S),
total energy (T), wind energy (W), and green bond issuance (Y) reveal the short- and long-term
interdependencies between the renewable energy sectors and the financial market
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ii) The production of the solar energy has shocks only from solar energy dynamics. Total energy
production depends from the shocks by itself (big shock) and other factors. Bot shocks have
cyclic influence;

iii) Green bonds depend from all energy shocks, also solar energy shocks hve negative influence on
the green bonds.

iv) Response of S1 (Solar Energy). A positive and persistent dynamic is observed: the response of
solar energy increases steadily over ten periods, indicating that shocks in solar energy
production have a long-term cumulative effect. Other variables (T, W, Y) show minor and
oscillating reactions. In economic sense, the solar energy sector demonstrates a high degree of
autonomy and self-reinforcement after positive shocks, reflecting the long-term effects of
technological innovation and capital investments.

v) Response of T1 (Total Energy). Initially, the response shows strong fluctuations during the first
4-5 periods, followed by stabilization. Significant reactions to shocks in solar and wind energy
confirm the impact of renewable sources on total energy production. The effect of green bond
issuance (Y) is short-term and less pronounced. Total energy output reacts quickly to renewable
energy dynamics but tends to stabilize, indicating that the overall energy system adapts to
structural shifts caused by renewables.

vi) Response of W1 (Wind Energy). Wind energy exhibits high volatility in the short run, with
strong oscillations following its own shocks. After the fifth period, the response stabilizes, and
cross-effects from other variables weaken. Solar energy (S) exerts a mild positive influence in the
medium term. Wind energy production is sensitive to short-term fluctuations, reflecting the
influence of seasonality, capital intensity, and policy uncertainty, yet stabilizes over time as
investments and capacity mature.

vii) Response of Y1 (Green Bonds). The issuance of green bonds initially declines due to a shock in
solar energy but gradually increases afterward. Positive responses to its own shocks suggest
market inertia, meaning previous issuances encourage future activity. Over time, solar and wind
energy development contribute to the growth of the green bond market, confirming a feedback
effect between energy transition and sustainable finance. The financial market reacts with a
delay to renewable energy shocks but ultimately shows a stable, positive trajectory as
investment opportunities in renewables expand.

Overall, the system demonstrates bidirectional causality: renewable energy growth stimulates
financial market activity, while financial instruments such as green bonds, in turn, support further
renewable energy investment

The impulse response analysis confirms the mutual dependence between renewable energy
production and green bond issuance: solar energy acts as a long-term growth driver; wind energy is
more volatile but stabilizes over time; total energy production absorbs shocks and stabilizes the
system; green bonds display delayed but positive financial responses to renewable energy expansion.

For more investigated of the interrelation between energy and financial market we calculated
variance decomposition. The data are in the Table 4.

Table 4. Variance decomposition of influence of each factors on others.

Solar energy

Period S.E. S1 T1 W1 Y1
1 0.039823 100.0000 0.000000 0.000000 0.000000
2 0.071057 95.95820 2.186414 1.700283 0.155102
3 0.109796 96.30884 2.412952 1.191452 0.086753
4 0.146047 96.48172 2.080272 1.364358 0.073649
5 0.181591 97.67067 1.358064 0.896428 0.074836
Total energy
1 70.72076 2.179857 97.82014 0.000000 0.000000
2 83.07927 2.420868 96.31285 0.026922 1.239360
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3 86.55035 7.205597 88.91054 2.543066 1.340795
4 102.3384 11.10689 76.39722 11.35816 1.137730
5 105.8282 10.86327 75.34812 12.68615 1.102459
Wind enegry
1 0.071587 10.34342 24.76061 64.89598 0.000000
2 0.087797 7.952899 34.46240 57.51021 0.074497
3 0.088677 9.130646 34.06074 56.39676 0.411860
4 0.096763 11.89177 38.56903 48.99407 0.545130
5 0.097622 11.87626 39.00055 48.43453 0.688658
Green bonds
1 25.79892 7.374564 1.124203 22.53129 68.96995
2 37.53691 10.08564 32.29099 24.90712 32.71625
3 59.12836 4.418987 32.18889 49.13770 14.25442
4 73.66211 18.81871 33.52731 38.46218 9.191802
5 78.36357 26.05691 30.35782 35.22150 8.363761

The analyses of the date from Table 4 give following results:

i)  Each energy production has long memory effect and depend from by itself in lag period (from 1
to 5 years)

ii) Second influenced factor for wind energy production is total energy production (has from 24.7%
to 39%)

iif) Financial market has interesting fact. In first and second years green bond depend from by itself,
but this influence has decrease tendency, from 39% in first year and 8.36% in fifth year). Wind
energy production is second influenced factor wit peak influence in third period (49%). Also,
total energy production has strong influence on the issuance of green bond. As, only 1.12% in
the first year and 30%-32% in the next four years. Solar energy has increase tendency of influence
during five years till 26.06% in fifth period.

iv) Main result is, from one hand, all energy production have big influence on the issuance of green
bonds but green bond haven’t influence on the variance of the solar energy production.

Thus, we confirm hypothesis 1 and reject hypothesis 2 about influence green bonds on the
development of renewable energy production. But we propose hypothesis 3 about strong influence
renewable energy market on the issuance of green bond. And we confirm this hypothesis with helps
of the data from Table 4.

6. Discussion

The results obtained in the current study have facilitated a renewed understanding of the
relationship between the green bond market and the dynamics of the renewable energy sector.
Confirmation of Hypothesis 1 regarding the existence of a long-term dependence in time series
indicates that the issuance of green bonds and the production of renewable energy have a “long
memory.” Therefore, the trajectory of market development is largely determined by its own inertia,
while past changes continue to exert a lasting influence on subsequent dynamics. These findings are
consistent with those of Chen et al. [26] and Hammoudeh et al. [49], who identified long-term
dependencies between financial and energy indicators as a key factor in forecasting their trends [53].

The rejection of Hypothesis 2, concerning the causal influence of green bond issuance on
renewable energy development, aligns with the conclusions of Demski et al. [5], who found that green
financial instruments primarily serve an indicative rather than a stimulating function. Our study
showed that the impact of the green bond market on renewable energy production is limited,
reflecting existing trends rather than generating new growth points.

Hypothesis 3, which is the inverse of Hypothesis 2, was confirmed during the study, indicating a
strong influence of the renewable energy market on green bond issuance. It was found that wind energy
had the greatest impact on the dynamics of green bonds in the third period (49%), while the role of solar
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energy gradually increased. These results are consistent with the conclusions of Marin-Rodriguez et al.
[24], who found that shifts in energy markets are a major driver of green financing activity.

The current study also shows that the share of total energy production influencing green bond
issuance increases significantly over time, from 1,12% in the first year to over 30% in subsequent
periods. This leads to the conclusion that green financial instruments are gradually being integrated
into energy policy and market conditions [54].

However, several issues remain open to discussion:

firstly, green bonds appear to act more as a derivative indicator of transformations in renewable
energy rather than a direct driver of its development;

secondly, there is evidence of an asymmetric relationship - renewable energy significantly affects
the green bond market, but not vice versa;

thirdly, the gradual strengthening of the role of solar and wind energy in determining financing
dynamics points to a structural transformation of financial markets, where the “green” segment is
increasingly integrated into macro-level markets.

7. Conclusions

Modern financial markets are gradually integrating green financing mechanisms, with green
bonds, sustainable funds, and other responsible investment instruments gaining increasing
popularity. These financial tools facilitate the accumulation of long-term investment resources for
both conventional and environmental projects. The study concludes that modern “green”
instruments are shaping a new institutional architecture of the market, based on the principles of
transparency, trust, and accountability.

The analysis of the institutional dimension of sustainable finance market development has
shown that it defines the rules of market access, certification procedures, and mechanisms for
controlling the use of raised funds. The effectiveness of green instruments depends on a combination
of market incentives and regulatory requirements, which set frameworks to prevent “greenwashing”
risks and enhance the quality of corporate governance.

Modern models of “green” project financing are multidirectional, encompassing project
financing, public-private partnerships, and innovative market-based instruments. These models
allow for diversification of investment sources and the development of flexible financial mechanisms
that account for the risks of the energy transition. Green bonds, as a modern financial instrument,
perform a dual function: on the one hand, they attract capital to environmental projects; on the other,
they serve as a strategic indicator of environmental and social responsibility. The issuance of green
bonds expands the financial capabilities of business entities and strengthens their reputational
positions in international markets.

The results of the econometric modeling revealed stable relationships between the dynamics of
green bond issuance and the development of renewable energy. The study established that all types
of alternative energy production exhibit a memory effect and depend on their own lagged values.
The degree of influence of total and solar energy production on green bond issuance was found to
increase over time.

In this study, Hypothesis H1 regarding the relationship between the dynamics of green bond
issuance and the renewable energy market was statistically confirmed. Hypothesis H2 concerning
the causal impact of green bonds on renewable energy development was not supported by the results.
Meanwhile, Hypothesis H3 proposing a significant influence of the renewable energy market on
green bond issuance volumes received statistical confirmation based on VAR modeling results.

Thus, the present study and the works of leading scholars once again confirm that modern
financial markets are increasingly shaping energy and environmental transformation. The strategic
role of “green” financial markets lies in providing the institutional and resource foundations for the
transition toward low-carbon economic models. Future research should focus on assessing the
effectiveness of green financial instruments in different national contexts and deepening the analysis
of the impact of green investments on the dynamics of renewable energy development.
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