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Abstract: Green bonds are an increasingly important area not only in the financing of investments
important to the environment, but recently also as an object of investment. From the investors point
of view, the key aspect still remains the efficiency of the investment and its profitability. The subject
of this research is to evaluate changes in the efficiency of green bonds issued in the selected CEE
countries (Poland, Slovakia, Czech Republic, and Hungary), in the short and long term. Poland is the
largest issuer of green bonds in this group, followed by the Czech Republic, Hungary, and Slovakia.
Individual green bonds in these group of countries are characterized by varying levels of green bond
yields, duration of the investment, issue size and counterparty risk. These factors greatly hinder their
comparability, especially in terms of investment efficiency. This manuscript fits into this area, as the
main purpose of the manuscript is to show similarities in the yields of green bonds issued in Poland
and green bonds issued in CEE countries. The hypothesis that will be tested is that changes in the
effectiveness of green bonds issued in Poland are strongly correlated with changes in the effectiveness
of green bonds issued in CEE countries. The results of the research positively verified the hypothesis,
and the objectives of the research were achieved. It was shown that green bonds issued in the Czech
Republic and Slovakia demonstrate a high similarity in terms of effectiveness to green bonds issued
in Poland. At the same time, the results confirmed that of all the bonds analysed, the one bond
issued by the Hungarian government is the least related to green bonds issued in Poland in terms of
effectiveness for investors. The study used multiresolution analysis and Dynamic Time Warping. The
Dynamic Time Warping algorithm measures the similarity between two sequences that can change
over time. The analysis was carried out over a wide temporal cross-section, analysing the similarity
between the effectiveness in both the short and long term.

Keywords: green bond; green finance; effectiveness; CEE countries

1. Introduction

The progressive degradation of the natural environment, causing far-reaching and
irreversible climate change, requires decisive action to change the existing mechanisms
by which economies around the world function. The cause of adverse environmental
changes is primarily an environmental social and economic imbalance, which can be
addressed through global ecological transformation and through the implementation
of global sustainable development policies. The concept of sustainable development
mainly refers to the efficient use of natural resources while protecting the environment.
A key aspect of sustainable development is therefore to ensure economic growth while
maintaining environmental sustainability (Robinson 2004).

The first attempt to introduce the idea of sustainable development was made in the
1980s, and since then the concept has been continuously updated. By the year 2000, the
United Nations (UN) had implemented the Millennium Project, in which it set out eight
Millennium Development Goals. However, 12 years later, in June 2012, the UN began
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the process of setting new development goals. Ultimately, this process ended with the
adoption in September 2015 of a global action program based on the concept of sustainable
development, presented in the document Transforming our world: the 2030 Agenda for
Sustainable Development (United Nations 2015). The Agenda contains 17 Sustainable
Development Goals (and 169 related tasks), the role of which is to integrate activities in
three dimensions of sustainable development: economic, social, and environmental (Minis-
terstwo Rozwoju i Technologii 2019). Additional environmental protection activity has also
been undertaken in Europe. In December 2019, the European Commission presented a set
of policy initiatives called the European Green Deal. The overarching goal of the Green
Deal is to achieve climate neutrality in Europe by 2050.

The financing of environmentally oriented projects, so-called ‘green investments’,
plays an important role in maintaining climate balance and achieving climate neutrality.
By 2030, it is estimated that Europe will need an additional investment of EUR 480 billion
per year to achieve environmental goals, including as much as EUR 350 billion per year to
reduce greenhouse gas (GHG) emissions (Kotecki 2021). The widespread demand for green
investments in the global economy has become a central issue and challenge for financial
markets. As a result, recent years have seen a marked increase in green activity by financial
institutions and a rapid development of the market for environmentally oriented financial
instruments.

Green bonds are becoming a key instrument in the financing of green investments.
Green bonds are fixed-income debt securities, similar in design to classic bonds. The
characteristic that distinguishes green bonds from classic bonds is the purpose of the issue.
The purpose of issuing green bonds is always oriented towards financing or refinancing
activities aimed at environmental protection (Hadaś-Dyduch et al. 2022; Gemra 2021; Ehlers
and Packer 2017; OECD 2015), et al. Green bonds thus represent a commitment by the issuer
to use the money raised through their issuance exclusively for environmental purposes
(Hadaś-Dyduch et al. 2022). The issue of green bonds was initiated by the European
Investment Bank in 2007–2008. Since then, the green bond market has been growing
steadily, and as the market grows, different types of green bonds are emerging (Figure 1).
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The subject of the research is the effectiveness of green bonds issued in Poland and se-
lected countries of Central and Eastern Europe in the short and long term. This formulation
of the subject of the research is justified by both theoretical and practical considerations.
The main rationale for undertaking research on the effectiveness of green bonds in CEE
countries is the poor state of knowledge in this area. There are only a few studies in
the reference literature focusing on the green bond market in the European Union (Dan
and Tiron-Tudor 2021; Frydrych 2021), globally (Laskowska 2017) and in individual CEE
countries (Gemra 2021; Sági 2020). However, there is no holistic approach to the green
bond market in the CEE countries, nor studies comprehensively showing the relationships



Risks 2023, 11, 214 3 of 36

between the green bond markets in the CEE countries, especially in terms of their efficiency.
The research gap identified on the basis the source literature justifies the need to undertake
research in this area. The issue of the effectiveness of green bonds in CEE countries is
important both for issuers, investors, and the entire economy.

Previous studies have reported that since 2016, i.e., from the creation of the green
bond market in the CEE countries, both the number of issues and the value of funds raised
have varied. The number of green bond issues in the analysed countries varied: nine
issues were carried out in Poland, eight issues were carried out in Hungary, seven issues
were carried out in the Czech Republic, and only one green bond issue was carried out in
Slovakia. (Hadaś-Dyduch et al. 2022). As a result, the main objective of the manuscript
is to identify similarities in terms of the effectiveness of green bonds issued in Poland
and other selected Central and Eastern European countries—both in the long and short
term. The implementation of the research goal required the calculation of an effectiveness
index for each green bond, followed by application of the author’s algorithm based on
multiresolution analysis and an algorithm based on Dynamic Time Warping. The Dynamic
Time Warping algorithm measures the similarity between two sequences that can change
over time. The analysis was carried out over a wide temporal cross-section, analysing the
similarity between the effectiveness in both the short and long term.

This manuscript puts forward the following hypothesis: changes in the effectiveness
of green bonds issued in Poland are strongly correlated with changes in the effectiveness of
green bonds issued in CEE countries.

2. Literature Review

As previously stated, green bonds are debt instruments which allocate the proceeds
of emissions exclusively to the financing or refinancing of new or existing green projects.
Projects usually cover a wide range of activities:

• Climate change adaptation;
• Environmental protection;
• Energy efficiency and renewable energy;
• Sustainable water and wastewater management;
• Reduction of air pollution;
• Biodiversity protection;
• Transport;
• Others.

The criteria for categorising projects as green can vary from sector to sector and from
region to region (Karginova-Gubinova et al. 2020).

Green bonds are instruments that are used to reduce the supply and demand gap
for financial resources related to the financing of broadly understood ecology. Ehlers and
Pecker (Ehlers and Packer 2017) believe that there must be favourable market conditions
for the developing green bond market, ensuring adequate profitability for both issuers and
investors. Therefore, as emphasized by Deribew (2017), the issuance of green bonds should
be based on a few key principles, as described below:

• Use of the proceeds of the issue—the issuer should declare the eligibility of the project
financed through the bonds to the relevant green investment category, which should be
supported by legal documentation; there should be clear environmental benefits asso-
ciated with the project(s) financed through the issue of these bonds; green investment
areas include, among others: biodiversity conservation, low-carbon transport energy
efficiency and renewable energy, clean water, and sustainable waste management.

• Selection and evaluation process—the investment decision-making process should
be well described by the issuer to determine the eligibility of investments using
green bond proceeds; they should also document the eligibility of investments into a
particular category of green projects.

• Proceeds management—funds raised through the issuance of green bonds should be
disclosed and transferred to a subportfolio or confirmed by another formal internal
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process; investors should be informed by the issuer of the intended types of eligible
instruments used in the implementation of the green project.

• Reporting—reports on the implementation of investments made with funds raised
through the issuance of green bonds should be submitted by the issuer at least
once a year, detailing where possible the environmental benefits through quanti-
tative/qualitative indicators, e.g., reduction in greenhouse gas emissions, number of
people provided with access to clean energy, or clean water projects (Deribew 2017).

The green bond market (mainly in the CEE countries) is still in its infancy, so it is worth
noting the determinants of its development. The main determinant is the type of projects that
are financed with green bonds, given that regulators around the world are developing their
own criteria for financing using these instruments. Moreover, projects financed through this
instrument require an appropriate use of resources, so a specific project must meet several
conditions set out in the regulator’s guidelines (Bhutta et al. 2022).

Research often highlights the quality of information in relation to green bonds. Martin
and Moser (2016) emphasise that investors prefer quality of information when making
investment decisions, and positively view those bonds in which issuers provide detailed
information on the use of funds and environmentally friendly projects in the long term. As
a result, these instruments are perceived as a safe investment. Biddle et al. (2009) emphasise
that the quality of information is essential in gaining the trust of bondholders. In contrast,
Hafner et al. (2020) highlighted elements that inhibit the expansion of green investments
(including green bonds). They pointed out that unintelligible green financing policies and
misinformation are some of the many factors that act as impediments to green financing.

Flaherty et al. consider that immediate investments (for example in climate change
mitigation) could be financed by issuing green bonds so that future generations who will
benefit from these actions can repay the debt (Flaherty et al. 2017). Moreover, they point
out that the intergenerational burden-sharing formula is one way to develop the green
bond market, while the main macroeconomic drivers of long-maturity bonds (to which
green bonds belong) are production, inflation rates, and interest rates. High inflation
rates, for instance, significantly limit the issuance of these bonds. On the other hand, high
interest rates encourage shorter bond durations. Reduced production and income are also
associated with reduced issuance of long-maturity bonds.

The source literature also discusses the cost of green bonds capital. Various researchers
claim that financing environmentally friendly and sustainable projects, helps reduce the
capital cost. Their main case is that market participants positively perceive issuers involved
in social projects that provide low-cost financing. In contrast, other researchers argue
that the most important concern of the issuer is increasing returns to shareholders, and
as green bonds are riskier than conventional bonds, investors demand higher returns on
them (Bhutta et al. 2022).

Preclaw and Bakshi note several important issues related to the cost of green bonds
(Preclaw and Bakshi 2015). The price of green bonds may reflect the growing demand for
these instruments and, as a result, indicate an imbalance in supply and demand for green
issues. In this situation, the spread differential may not continue indefinitely. If issuers
perceive an opportunity for cheaper financing, they can be expected to lean towards the
market; at the same time, lower future yields resulting from narrower spreads may reduce
the inflow of funds for green investments. Moreover, green bonds should be traded with
narrower spreads to reflect their externalities, such as mitigating climate risk by engaging in
environmental projects. Narrower green bond spreads may simply reflect a preference on
the part of investors, which may be the case if investors accumulate enough other benefits
to compensate for the lower cash flow. These benefits may, for example, take the form of
psychological benefits for investors, brand value, impact on regulators or other indirect
benefits. Investors positively disposed towards green investments suggest that they want
to receive risk-adjusted remuneration, which is the equivalent of conventional investments.

Caramichael and Rapp (2022) indicate that there are several direct and indirect benefits
to issuers of green bonds, which potentially should encourage green investment. If an
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issuer chooses to issue green bonds, this can attract new investors interested in sustainable
investments, thereby increasing demand for them. If the additional demand results in
green bond yields being lower than those of conventional bonds, this difference in yield is
called the green premium or ‘greenium’. However, it is important to note that even if green
bond issuance offers greenium, green bond issuance may still be more expensive compared
to conventional bonds. From an investor’s point of view, there are a few explanations
why investors accept the lower green bonds yield compared to similar traditional bonds.
The frequent explanation for green-premium (greenium) is that investors accept a lower
return for an environmental benefit. Green bonds actually consist of a traditional bond
that has the added value of financing green projects. Therefore, investors accept the lower
yield of green bonds and are willing to pay a higher price for the bond. By optimising the
compromise between environmental impact and returns, investors should apply demand
pressures that will create ‘smart greenium’, rewarding credible green bonds with a high
incremental impact and lower interest rates.

On the other hand, Zerbib (2019) investigated factors associated with low green bond
issuance costs, and found that the lower cost of green bond debt does not depend on the
so-called issue greening, but it is result of other elements, i.e., reduced investor search
for sustainable investments, risk management through intangible asset management, etc.
Ehlers and Packer (2017) emphasize that a significant part of investors accept a lower spread
and thus express their intention to pay a premium for green bonds, and that this should be
evident in an increase in bond prices at issuance. At the same time, they argue that not all
issuers can benefit from yield reduction when green bonds are issued. Partridge and Medda
(2020) point out that green bonds must be competitive in all respects to prove attractive to
investors who are subject to a fiduciary duty, i.e., they are required to put yields ahead of
all other investments. They argue that green assets can deliver returns that are as good or
better than their conventional counterparts, in which case investors may become interested
in them and help invest in sustainability at the same time. Moreover, notwithstanding
the clear greenium, issuers still seem to like issuing green bonds for various reasons, e.g.,
raising their sustainability profile, and are not as focused on generating greenium as some
investors. Issuers also seem to enjoy attracting a new investor base rather than focusing
on pricing, as long as the pricing is competitive with the overall market. Nevertheless,
greenium is still key to the green bond market growth, as it is primary market prices that
ultimately affect the cost of capital for the issuer, not secondary market prices. Larcker
and Watts (2020) conclude that in actual market conditions, investors are categorically
unwilling to give up environmentally friendly assets. When the risks and returns are fixed
and known to investors ex ante, investors view green and non-green securities from the
same issuer as almost exact substitutes. Thus, the greenium is essentially zero. Kapraun
et al. (2021) find that all things being equal, there is no difference in yields for green bond
issues. However, the existence and significance of the green premium varies considerably
depending on the currency and type of issuer. It is high and significant for bonds issued by
public entities, like governments, supranational organisations, or for bonds denominated
in EUR.

In addition to direct environmental benefits, green bonds also provide indirect benefits,
for example by pointing to the issuer’s environmental experience, providing a marketing
advantage, potentially lowering the issuer’s capital cost by engaging new investors, or
improving business activity performance by acquiring new customers. This intermediate
result is called a green halo (Caramichael and Rapp 2022). Flammer (2021) pointed out
that investors react positively to the predictor of a green bond issue, with the reaction
being stronger for first-time issuers and third-party certified green bonds. Issuers boost
their post-issuance environmental results (i.e., environmental ratings are higher and CO2
emissions are lower) and attract a larger group of long-term and ecological investors. Tang
and Zhang (2020) find that the issuance of green bonds has a positive impact on stock
prices, but at the same time they do not find a significant premium for green bonds. This
situation suggesting that the stock profits associated with green bond announcements are
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not fully driven by the lower cost of debt. They also show that after the issuance of green
bonds, domestic institutional ownership increases. Moreover, the stock liquidity after the
issuance of green bonds is significantly better.

Wang et al. (2020) examined the green bonds premium variables. They showed that
green bond issuer characteristics help to produce a higher premium. Green corporate bond
price growth is most evident in new issues with high levels of corporate social responsibility.
It is also higher for corporate bond issues with a lower concentration of ownership and in
the hands of long-term institutional investors. They also note the positive outlook for higher
stock returns on new green bond issues, which is consistent with the theory of stakeholder
value maximization, according to which corporate involvement in sustainable financing
practices increases long-term corporate value and is therefore preferred by shareholders.

Agliardi and Agliardi on the other hand, discussed the volatility of green bonds from
the investors’ point of view (Agliardi and Agliardi 2019). They pointed out that as investors
become more knowledgeable about the Sustainable Development Goals, green bonds
demand increases. They also show the influence of asset volatility that results in greenium
for green bonds issuers (Chung et al. 2019). Chung et al. also presented the importance of
volatility in bond pricing. They concluded that higher expected returns are generated by
bonds with more specific risk. The benefits of diversification can be obtained by issuing
different types of bonds in the market.

When discussing the issue of the green bond market, attention should be paid to its ef-
ficiency. The efficient market hypothesis was formulated by E. Fama (Karginova-Gubinova
et al. 2020). According to this hypothesis, available information entirely determines the
prices of financial assets. As a result, an investor can achieve a satisfactory rate of return
only if he accepts greater risk taking into account market efficiency. E. Fama distinguished
the following forms of market efficiency:

• Weak—all information reflected in past price movements is contained in current prices;
• Moderate—takes into account both past price dynamics and all price information that

is publicly available;
• Strong—contains both all publicly available information and confidential information.

Currently, it is believed that all information is contained in the transaction prices of
financial instruments. This is due to the large number of players involved in analysing
and monitoring all data affecting the price of securities. It is estimated that their number
(analysts and investors) is much higher than the number of financial assets traded. At
the same time, due to the varying costs of access to data for different market participants
at different times negatively verifies the efficient market hypothesis. In addition, it is
observed that the rationality of investor behaviour is not confirmed in market prices,
because investors may succumb to overconfidence, herd instinct or may draw wrong
conclusions about losses or profits, and besides, they may succumb to calendar effects,
which are characterized by abnormal changes in the profitability of securities specific to
a certain time, day of the week, month, etc. (Karginova-Gubinova et al. 2020). From the
perspective of green bond effectiveness, Bachelet et al. found that the higher yield of
green bonds is influenced by higher liquidity, and at the same time green bonds show
lower volatility compared to their counterparts (Bachelet et al. 2019). They also showed
differences between institutional and private issues of green bonds. Institutional green
bonds have a negative premium but higher liquidity. Private green bonds, on the other
hand, are characterized by a positive premium but at the same time significantly lower
liquidity compared to their counterparts. In contrast, in the case of green bonds from private
certified and uncertified issuers, the positive premium was found to be very high for the
latter. Green bonds may have a negative premium and may be issued taking into account:

• Discount;
• Investors’ willingness to pay for environmental sustainability;
• Less exposure to risk.
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The premium imposes the need to maintain a good reputation of (institutional) issuers
or ecological verification in order to reduce information asymmetry and provide investors
with a guarantee against bonds greenwashing. Chiesa and Barua argue that the volume
of green bond issuance is positively correlated with the financial condition of the issuer
and its credit rating, with the coupon rate and the availability of collateral, and with the
sector in which the issuer operates. (Chiesa and Barua 2019). Moreover, euro-denominated
issues in emerging markets are much larger. Arguably, these features make bonds more
reliable, safer, and generate returns for investors, making it easier to issue larger sizes due
to greater investor demand. Karginova-Gubinova et al. believe that the efficient operation
of the green bond market and appropriately economically justified quotes will effectively
raise financing for green projects (Karginova-Gubinova et al. 2020). If financial abuses and
stock market bubbles appear on the market, the amounts obtained from the issuance of
green bonds will be insufficient due to the decreasing number of investors. The authors
proved that the market of green bonds is currently not efficient, even in its weak form.
This is in line with conclusions regarding calendar effects, which are not typical for green
bonds. Therefore, in order to increase the efficiency of the green bond market, the supply
of and demand for green bonds, and thus the development of the green economy, it is
necessary to increase the rationality of potential investors in their analysis of information
about green bonds (strong knowledge of the clean economy, resource-saving technologies,
etc.), improve market models (high-quality work of financial analysts by increasing their
number and thus competition; special education), reduce transaction costs and increase the
availability of information (distribution of reports on the green bond market, the dynamics
of their indices, etc.). Moreover, the standardization of the terms used and an increase in the
number of investors, especially qualified institutional investors, will strengthen confidence
in the market and influence trading trends, which will contribute to the efficiency of the
green bond market.

3. Materials and Methods
3.1. Green Bond Issuance in Poland and other Selected CEE Countries

The first green bond issuance in selected CEE countries took place in 2016 in Poland,
and in subsequent years also in the other countries surveyed. However, the countries differ
in terms of:

• The numbers of green bond issues;
• The currency of green bond issues;
• The values of green bond issues (Poland ($5893.81 million), Czech Republic

($5582.61 million), Hungary ($3320.73 million) and Slovakia’s only to USD
361.38 million) (Environmental Finance Data 2022).

• By the sector:

# The state sectors were dominated in Poland and Hungary;
# The private sectors were dominated in Czech Republic and Slovakia.

In Poland, green bond issuance took place in both the private and public sectors. The
main issuers of green bonds in Poland were two financial sector entities (mBank and PKO
Bank Polski S.A.) and two non-financial companies (PKN Orlen and Cyfrowy Polsat S.A.).
One of the issuers of the financial sector is mBank (the first fully online bank in Poland),
which focuses on implementing innovations in online and mobile banking. Meanwhile,
the second bank issuing green bonds in Poland was Bank PKO BP, whose activities have
for many years been oriented towards the idea of sustainable development, and are in
line with the European Green Deal programme. In addition to the financial sector, the
non-financial sector was also an issuer of green bonds in Poland. The main issuer of
green bonds in this sector was PKN Orlen. PKN Orlen is an energy company that focuses
primarily on renewable energy and modern petrochemistry, as well as on searching for
innovations in the field of new mobility, hydrogen energy and recycling. Cyfrowy Polsat’s
activities, on the other hand, focus primarily on the provision of integrated media and
telecommunications services, such as television services, telephone services, data services,
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and access to broadband internet. A detailed summary of private sector emissions in
Poland is presented in Table 1.

Table 1. Green bond issue in Poland (private sector).

Issuer Settlement Date Maturity Date Profitability Value Code in Empirical
Analysis

mBank 20 September 2021 21 September 2027 3 m EURIBOR + 1.25%. 500 m EUR (590.65 m USD) P1
PKN Orlen 21 May 2021 27 May 2028 1.13% 500 m EUR (607.30 m USD) P2

Cyfrowy Polsat 14 February 2020 12 February 2027 6 m WIBOR + 165 bps 1 bn PLN P3
Bank PKO BP 27 November 2019 2 December 2024 3 m WIBOR + 51 bps 250 m PLN (63.85 m USD) P4
Bank PKO BP 10 June 2019 30 September 2024 3 m WIBOR + 0.6% 250 m PLN (65.70 m USD) P5

Source: Own comparison (by Settlement Date) (Environmental Finance Data 2022).

In addition to the private sector, green bond issuance in Poland was carried out by the
government. The Polish government carried out 4 green bond issues, denominated in EUR
(Table 2).

Table 2. Government green bond issue in Poland.

Issue Number Settlement Date Maturity Date Profitability Value Code in Empirical
Analysis

1 7 March 2019 7 March 2049 2% 500 m EUR P6

2 7 March 2019 7 March 2029 1% 1707.06 m USD P7

3 7 February 2018 7 October 2026 1.13% 1 m EUR (1243 m USD) P8

4 19 December 2016 19 December 2021 0.5% 750 m EUR (791.89 m USD)
Emissions have not

been subject to
empirical analysis

Source: Own comparison (by Settlement Date) (Environmental Finance Data 2022).

The Czech Republic was the second country among the CEE countries in terms of
the value of green bonds issued. In the Czech Republic, the issuer of green bonds was
exclusively the private sector. The nonfinancial sector accounted for a significant portion
of the issuance ($4989.05 million), while the financial sector comprised issues worth only
$593.56 million. The main issuer of green bonds in the Czech Republic during the period
under review was CTP Group N.V. covering the logistics and industrial real estate sector in
Central and Eastern Europe. The main evidence of the Company’s focus on sustainability
is its BREEAM (Building Research Establishment Environmental Assessment Method)
certificate, which confirms the implementation of the concept of sustainable development
in infrastructure and buildings. The company has been raising capital through the issue
of green bonds for three years. Another green bonds issuer in the Czech Republic was a
bank belonging to the Erste Group-Ceska Sporitelna AS. The bank’s activities are oriented
towards the idea of sustainable development, as evidenced by the constant adaptation
of the bank’s business activities to protection of the environment. To date, Bank Ceska
Sporitelna AS has carried out only one green bond issue (Table 3).

Hungary was the third country in terms of green bond issuance among the selected
CEE countries. The issuance of Hungarian green bonds covered the non-financial and
financial public sectors and the private sector. To date, the Hungarian government has
carried out six green bond issues, denominated in different currencies: HUF, EUR, USD,
JPY, and Chinese Yuan (RMB). However, due to the availability of statistical data, only two
issues are subject to empirical analysis (Table 4).

The CEE group also includes Slovakia, which has the smallest number of green bond
issues compared to the group as a whole. There was only one issue in Slovakia, which was
carried out by Tatra Banka, a leader in financial innovation in the Slovak market (Table 5).
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Table 3. Green bond issue in Czech Republic.

Issuer Settlement Date Maturity Date Profitability Value Code in Empirical
Analysis

CTP 20 January 2022 20 January 2026 0.875% 700 m EUR C1

CTP
27 September 2021

(issue in 2 tranches)
27 September 2026 0.625% 500 m EUR (585.9 m USD) C2.1
27 September 2031 1.5% 500 m EUR (585.9 m USD) C2.2

Ceska Sporitelna AS 13 September 2021 13 September 2028 0.50% 500 m EUR C3

CTP
21 June 2021 (issue in

2 tranches)
21 June 2025 0.5% 500 m EUR (593.10 m USD) C4.1
21 June 2029 1.25% 500 m EUR (593.10 m USD) C4.1

CTP 18 February 2021 18 February 2027 0.75% 500 m EUR(603 m USD) C5
CTP 27 November 2020 27 November 2023 0.0625% 400 m EUR (476.58 m USD) C6
CTP 25 September 2020 1 October 2025 2.1250% 650 m EUR (757.80 m USD) C7

Source: Own comparison (by Settlement Date) (Environmental Finance Data 2022).

Table 4. Green bond issue in Hungary.

Issuer Settlement Date Maturity Date Profitability Value Code in Empirical
Analysis

Republic of
Hungary 22 April 2021 28 April 2051 4% 30 m HUF W1

Republic of
Hungary 5 June 2020 5 June 2035 1.75% 1500 m EUR (1643.10 m USD) W2

Source: Own comparison (by Settlement Date) (Environmental Finance Data 2022).

Table 5. Green bond issue in Slovakia.

Issuer Settlement Date Maturity Date Profitability Value Code in Empirical
Analysis

Tatra Banka 23 April 2021 23 April 2028 0.5% 300 m EUR (361.38 m USD) S1

Source: Own comparison (by Settlement Date) (Environmental Finance Data 2022).

3.2. Method

In our research, we take into account the entire maturity of the tested green bonds.
A modified proprietary WDTW algorithm was used in the research. This algorithm is
based on wavelet analysis and dynamic time warping. The DTW algorithm in this model
was implemented to measure the degree of similarity of changes in the examined time
series between green bonds issued in selected countries of Central and Eastern Europe.
In addition, the wavelet in the proprietary WDTW model is used to perform a wavelet
decomposition of the analysed time series and to examine their similarity in specific
time trends.

In the first step of the algorithm, based on detailed information about the green bonds
analysed (issue prospectus, stock exchange quotations, etc.), the current rate of return on
the bond for its holder was calculated. The measurement—the current rate of return on
the bonds—is calculated as the quotient of: the market price of the bond by the closing
price of the session and the amount of annual coupon payments specified in the bond issue
prospectus. For each bond, we obtain a one-dimensional series that has a certain number
of observations.

The series included in the study are not equinumerous, nor are they multiples of two.
The size of individual series representing the current rate of return on bonds is presented
Table 6:



Risks 2023, 11, 214 10 of 36

Table 6. Individual series representing the current rate of return on green bonds.

Slovakia Czech Republic Hungary Poland

S1 C1 C2.1 C2.2 C3 C4.1 C4.2 C5 C6 C7 W1 W2 P1 P2 P4 P5 P6 P8

244 30 111 111 31 181 81 246 246 246 257 85 134 218 256 256 256 256

In the next step, we extend the time series. We expand the series using appropriate
methods so that the number of each series is a multiple of 2. Various methods of extending
finite series are given in the literature, e.g., zero-padding, assumption of periodicity of the
signal, mirror reflection at the end of the signal, and similar methods. Each method has its
advantages and disadvantages. The degree of the advantages and disadvantages of the
methods of extending the series depends on many factors, one of which is the specificity of
the examined series.

The next key step in the algorithm is wavelet decomposition. Series presenting the
current rate of yield on bonds are subjected to wavelet decomposition at different levels
of resolution. Based on the discrete wavelet transform algorithms, we determine the
coefficients for short-term and long-term dependencies in the context of the analysed series.
At this stage, we obtain details and approximations. An example wavelet decomposition is
shown in Figure 2 below.
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The last step of the algorithm is to determine the similarity between the series, i.e., to
determine to what extent the analysed series have similar changes. To achieve this goal,
we use dynamic wavelet transform (proprietary name), i.e., the distance (describing the
degree of similarity) between the appropriate coefficients of the wavelet transform of the
examined time series at specific levels of decomposition.

The maximum number of steps of the algorithm depends on the length of the examined
series. In the case of series of different lengths, the number of maximum steps depends on
the number of elements of the shortest series included in the study.

3.3. Theoretical Background to the Method
3.3.1. Dynamic Time Warping (DTW)

The Dynamic Time Warping algorithm is typically used to match two time series that
differ in distance, length, time, and run rate. All linearized data can be examined by the
DTW algorithm and distances can be measured using Euclidean distance or other distance
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measurement methods (Rabiner et al. 1978; Myers and Rabiner 1981). The procedure for
the DTW algorithm is as follows:

1. Introduction to the time series algorithm:

a. X—of length N
b. Y—of length M.

2. Development of a grid of dimensions N ×M, where in each of its fields is calculated
the distance between samples of signals with numbers N and M, where N = 1, 2, . . .,
N and M = 1, 2, . . ., M.

3. Determination of the path W—the path W connects points (1, 1) and (N, M) so that
the cost of transition between these points is as low as possible and must meet the
following conditions:

a. Boundary—which the first points of the X and Y waveforms and the last points
of these waveforms coincide, which ensures that the entire time series wave-
forms will be matched to each other,

b. Monotonicity—which guarantees correct synchronization of time courses and
none of the time series will go back in time during matching,

c. Step length—which ensures that no element of the X and Y waveforms will
be missed, because subsequent points on the matching path cannot be too far
away on the matched waveforms.

Each successive point on the W path must be indicated so that it is adjacent to the
previous point, and the N and M indices cannot be reduced. The generated path is called
the optimal alignment path.

Determining the distance between two points requires matching two signals, which
are calculated as the sum of the values of all fields through which the path passes—more
on how the algorithm works is presented in (Hadaś-Dyduch 2019b).

3.3.2. Wavelet Analysis

Wavelets are mathematical tools that, in an improved way (compared to the windowed
Fourier method), make it possible to analyse the properties of signals in the neighbour-
hood of selected time moments, (more in (Hadaś-Dyduch 2019a, 2019b; Daubechies 1990;
Rakowski 2003), among others). Fundamental features of the wavelet:

• Absence of a constant component;
• Occurrence of oscillations;
• In a finite interval the wavelet should be different from zero and outside this interval

it should fade very fast, e.g., exponentially.

The wavelet transform, Wf (t,s), is the scalar product of the signal f (t) and the scaled
and shifted wavelet:

W f (t, s) = 〈 f (τ), ψt,s(τ)〉 (1)

where:

ψt,s(τ) =
1√

s
ψ

(
τ − t

s

)
(2)

∫ +∞

−∞
ψ(t)dt = 0 (3)

As can be seen from the above formulas, the wavelet transform of a function of one
variable, is a function of time and scale. Since the calculation of the wavelet transform is
labour-intensive and expensive, the following formulas are used, allowing the wavelet
transform to be reversible (Rakowski 2003):

ψn,j(τ) =
1√
aj

ψ

(
τ − najb

aj

)
(4)

where a > 0, b > 0 are time-scale plane discretization parameters.
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Digital filters are used to calculate the discrete wavelet representation of the signal:
Low-pass h;
High-pass g.

In the case of transformations, only the low-pass filter h is sufficient, being the base for
the high-pass filter g. The wavelet is not directly used in discrete wavelet transforms, but
its properties determine the values of the set of numerical coefficients that constitute the
wavelet representation of the signal (Figure 3). The choice of wavelet determines the choice
of associated digital filters appearing in the transformation formulas (Rakowski 2003).
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There are many types of wavelets. Each wavelet has its advantages and disadvan-
tages. Details in this regard are described, among others, in (Hadaś-Dyduch 2019b). One
interesting wavelet is the Daubechies wavelet. This is an example of a compact wavelet.
Details about this family of wavelets are described, e.g., in (Hadaś-Dyduch 2019a, 2019b;
Daubechies 1990, 1992).

4. Results

The study included green bonds issued in the selected CEE countries. The study
covered one bond issued in Slovakia, nine bonds issued in the Czech Republic, two bonds
issued in Hungary, and six bonds issued in Poland. Detailed parameters concerning the
bonds have been described in the previous chapter. Making a brief assessment of bond
quotations in statistical terms, the following conclusions can be drawn (Table 7):

• The average price of the analysed bonds ranges from EUR 81.41 to EUR 119.35.
• On average, the results deviate from the mean value by +/−0.45 to +/−9.06. The

smallest deviation is in the case of C6 bonds issued by the Czech Republic, and the
highest in the case of P4 bonds issued by Poland.

• Asymmetry coefficient—in the simplest terms—is a measurement used to study the
shape of the feature distribution. In the analysed sample, the quotations of all the anal-
ysed bonds are characterized by left-sided asymmetry, i.e., the majority of quotations
are above the average quotation price. The smallest asymmetry was observed for the
W1 bond, a bond issued by Hungary, and the largest for the P4 bond issued by Poland.

• Kurtosis, which is used to assess the extent to which all observations are close to the
average value, has a positive value for all the analysed bonds except for the W1 bond,
i.e., we are dealing with slender distributions. In the case of three bonds, i.e., C6, P4, P5
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bonds, the kurtosis is greater than 3, which means that the distribution of quotations
is more slender than normal, and it can be assumed that there are two independent
normal subpopulations with similar average values and different variances.

• The smallest spread (range—the difference between the maximum and minimum
value from our set of observations) in bond prices was for C6 bonds and amounted
to EUR 2.48. The lowest price of this bond was EUR 98.99 and the highest was EUR
101.47. The largest difference between the maximum value of quotations and the
minimum value was recorded for P5 bonds and amounted to EUR 109.06.

Table 7. Selected statistical measurements of green signage quotations in individual countries of the
CEE group.

Country Name Shortcut Average Variance Kurtosis Skewness Min Max

Slovakia S1 97.66 5.86 2.95 −1.84 89.22 99.90

Czech Republic

C1 98.03 4.28 0.61 −1.30 91.59 100.13
C2.1 98.07 3.94 0.58 −1.29 92.00 100.17
C2.2 95.59 13.16 0.18 −1.22 85.63 99.68
C3 97.16 5.95 0.20 −0.96 89.90 100.10

C4.1 99.52 1.35 1.77 −1.67 95.69 100.71
C4.2 98.36 7.48 0.82 −1.27 89.75 101.31
C5 98.31 4.06 1.87 −1.43 91.17 100.75
C6 100.98 0.20 5.79 −2.31 98.99 101.47
C7 105.45 1.74 1.65 −1.51 100.90 106.93

Hungary W1 81.41 49.62 −0.58 −0.55 66.19 92.36
W2 103.48 22.35 1.39 −1.59 90.51 108.54

Poland

P1 96.57 19.68 1.62 −1.68 84.11 100.11
P2 100.17 9.42 2.70 −1.89 89.56 103.29
P4 119.35 82.03 3.12 −1.97 89.10 129.77
P5 105.46 53.19 3.99 −1.99 0.00 109.06
P6 105.18 4.27 1.07 −1.46 99.69 107.00
P8 105.07 4.67 0.73 −1.38 99.56 107.00

Source: Own calculation.

The volatility of all the analysed bonds is low (see Figure 4), below 8%. The smallest
diversification of quotations was recorded for C6 bonds—0.44%, and the highest for W1
bonds—8.65%.

Quartile analysis provides a great deal of information (see Table 8). Data for the first,
second, and third order quartiles are presented in the table below. We conclude, inter
alia, that:

• The largest quartile range is in the case of P4 bonds issued in Poland (coupon-
3mWIBOR + 51 bps; issuer Bank PKO). It can be said that in the case of 25% of
the quotations of P4 bonds, the price of the bonds was at or above EUR 119.06. On the
other hand, in the case of 75% of the quotations of P4 bonds, the price of the bonds
was at least EUR 119.07. Moreover, in the case of 50% of the P4 bonds, the price of the
bonds was at or above EUR 122.82. In the case of 25% of the quotations of P4 bonds,
the price of the bonds was at or above EUR 124.7. On the other hand, in the case of
75% of the quotations of P4 bonds, the price of the bonds was at least EUR 124.7.

• The smallest quartile range is for C6 bonds issued in the Czech Republic (CTP issuer).
It can be said that in the case of 25% of the quotations of C6 bonds, the price of the
bonds was at or above EUR 101. On the other hand, in the case of 75% of the quotations
of C6 bonds, the price of the bonds was at least EUR 101. Moreover, for 50% of C6
bonds, the bond price was at or above EUR 101.1. In the case of 25% of the quotations
of C6 bonds, the price of the bonds was at or above EUR 101.22. On the other hand,
in the case of 75% of the quotations of C6 bonds, the price of the bonds was at least
EUR 101.22.
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Table 8. Quartile analysis.

Country Name Shortcut Q1 Q2 Q3

Slovakia S1 96.995 98.57 99.28

Czech Republic

C1 97.62 98.83 99.415
C2.1 97.725 98.79 99.4
C2.2 95.22 96.97 98.145
C3 95.705 98.18 98.895

C4.1 99.465 99.84 100.31
C4.2 97.5 98.99 100.54
C5 97.49625 98.74 99.6725
C6 100.998 101.10 101.22
C7 104.92 105.85 106.295

Hungary W1 77.97 82.95 85.51
W2 103.31 104.94 106.225

Poland

P1 95.3025 98.81 99.2525
P2 100.1675 101.19 101.7213
P4 119.0675 122.82 124.695
P5 105.33 107.02 107.775
P6 104.69875 106.29 106.7175
P8 104.66 106.25 106.7

Source: Own calculation.

Bond W1 has the largest quarter spread, and C6 the smallest (see Figure 5).
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5. Detailed Results from the Empirical Study

The analysis of green bonds issued in Poland in the context of the similarity of changes
with green bonds issued in other CEE countries was carried out in a spatial-temporal
context. The analysis was conducted for various time trends, e.g., in a weekly, monthly,
semi-annual, and annual trend.

Of course, in the first step, based on detailed information about the analysed green
bonds (issue prospectus, stock exchange quotations, etc.), the current rate of return on the
bond for its holder was calculated. The measurement—the current rate of return on the
bond for its holder—was calculated as the quotient of: the market price of the bond by the
closing price of the session and the amount of annual coupon payments specified in the
bond issue prospectus. For each bond, a one-dimensional series with a specific number
of observations was obtained. Then, the next steps of the WDTW algorithm were applied.
The values obtained from the algorithm inform about the similarity. The smallest value is
zero, which means 100% similarity between two time series. The higher the value of the
WDTW measure, the smaller the similarity between the two series.

The conclusions of the study are described below in both spatial and temporal contexts.

5.1. Short-Term Trend
5.1.1. Trend 2–4 Days

Conclusion 1
Changes in the current rate of return of all green bonds issued in Poland in a two-day

trend are very weakly related to changes in the current rate of return of W2 bonds issued
in Hungary.

On a scale from 0 to 1, where the number one means no connection and the number
zero means 100%, the following results were obtained based on the WDTW model:

• For P1 bonds—0.7416 (on a scale from 0 to 1);
• For P2 bonds—0.7931 (on a scale from 0 to 1);
• For P4 bonds—0.7979 (on a scale from 0 to 1);
• For P5 bonds—0.9973 (on a scale from 0 to 1);
• For P6 bonds—0.9973 (on a scale from 0 to 1);
• For P8 bonds—0.7847 (on a scale from 0 to 1).

As can be seen, all the results oscillate around 0.8, and WDTW (P5, S1) oscillates
around 1, so the volatility of the current rate of return for a holder of bonds issued in
Poland is not related in the 2–4-day trend to the volatility of the current rate of return for a
W2 bond holder.
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The W2 bond is a bond issued by the Hungarian government with a coupon of 1.75%
(see Figure 6).

Risks 2023, 11, x FOR PEER REVIEW 16 of 38 
 

 

5.1. Short-Term Trend 
5.1.1. Trend 2–4 Days 

Conclusion 1 
Changes in the current rate of return of all green bonds issued in Poland in a two-

day trend are very weakly related to changes in the current rate of return of W2 bonds 
issued in Hungary.  

On a scale from 0 to 1, where the number one means no connection and the number 
zero means 100%, the following results were obtained based on the WDTW model:  
• For P1 bonds—0.7416 (on a scale from 0 to 1);  
• For P2 bonds—0.7931 (on a scale from 0 to 1);  
• For P4 bonds—0.7979 (on a scale from 0 to 1);  
• For P5 bonds—0.9973 (on a scale from 0 to 1);  
• For P6 bonds—0.9973 (on a scale from 0 to 1); 
• For P8 bonds—0.7847 (on a scale from 0 to 1).  

As can be seen, all the results oscillate around 0.8, and WDTW (P5, S1) oscillates 
around 1, so the volatility of the current rate of return for a holder of bonds issued in 
Poland is not related in the 2–4-day trend to the volatility of the current rate of return for 
a W2 bond holder.  

The W2 bond is a bond issued by the Hungarian government with a coupon of 1.75% 
(see Figure 6). 

 
Figure 6. The current rate of income (in %) for W2 green bonds issued in Hungary. Source: Own 
calculations. 

However, it cannot be concluded that the current yields of all green bonds issued in 
Hungary do not have a similar volatility to the current yields of green bonds issued in 
Poland. This is because the W1 bond issued by the Hungarian government with a coupon 
of 4% shows a similar tendency of change to bonds issued in Poland (see Figure 7). 
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However, it cannot be concluded that the current yields of all green bonds issued in
Hungary do not have a similar volatility to the current yields of green bonds issued in
Poland. This is because the W1 bond issued by the Hungarian government with a coupon
of 4% shows a similar tendency of change to bonds issued in Poland (see Figure 7).
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On a scale from 0 to 1, where the number one means no connection and the number
zero means 100%, the volatility of the W1 bonds is linked to the given bonds issued
in Poland, and the following values of the WDTW index were obtained based on the
WDTW model:
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• For P1 bonds—0.1039 (on a scale from 0 to 1);
• For P2 bonds—0.1134 (on a scale from 0 to 1);
• For P4 bonds—0.1109 (on a scale from 0 to 1);
• For P5 bonds—0.4941 (on a scale from 0 to 1);
• For P6 bonds—0.1148 (on a scale from 0 to 1);
• For P8 bonds—0.0924 (on a scale from 0 to 1).

As can be seen, all the results oscillate around 0.1, except for WDTW (W1, P5), and
therefore the volatility of the current rate of return for a holder of bonds issued in Poland
is strongly related in the 2–4-day trend to the volatility of the current rate of return for a
holder of W1 bonds.

Conclusion 2
Of all the analysed bonds, the W2 bond is the least related to changes in bonds issued

in Poland in terms of effectiveness for its holder (see data in Figures 8 and 9).
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Conclusion 3
Changes in the current rate of return of all green bonds issued in Poland in the 2–4-day

trend are very strongly related to changes in the current rate of return of bonds issued
in the Czech Republic. The exception is the P5 bond, where we only see a moderate link
between the volatility of P5 bonds and bonds issued in the Czech Republic (see Table 9).

Table 9. Values of the proprietary WDTW index for the indicated bonds, using only the first level of
resolution in the algorithm.

Bond Name Code P1 P2 P4 P5 P6 P8

C1 0.0923 0.0115 0.0126 0.5348 0.0122 0.0302
C2.1 0.0918 0.0156 0.0158 0.5305 0.0161 0.0259
C2.2 0.1041 0.0010 0.0026 0.5526 0.0009 0.0316
C3 0.1052 0.0006 0.0032 0.5547 0.0004 0.0333

C4.1 0.1052 0.0006 0.0032 0.5547 0.0004 0.0333
C4.2 0.1047 0.0006 0.0029 0.5538 0.0005 0.0327
C5 0.1052 0.0006 0.0030 0.5545 0.0004 0.0331
C6 0.1053 0.0007 0.0033 0.5549 0.0005 0.0334
C7 0.1047 0.0009 0.0028 0.5534 0.0006 0.0325

Source: Own calculations.

The greatest dependence of bonds issued in the Czech Republic is with the bonds P2,
P4, and P6. The smallest with the P5 bond.

Conclusion 4
All the green bonds issued in Poland (except P5 bonds) are in the 2–4-day trend and

are very strongly related to changes in the current yield rate of green bonds issued in
Slovakia. In the case of P5 bonds, we can talk about a moderate relationship between the
volatility of the current rate of return of P5 bonds and S1 bonds (see Figure 10).
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Figure 10. Values of the proprietary WDTW index between the S1 bond and the P1, P2, P4, P5,
P6, and P8 bonds, using only the first level of wavelet decomposition in the algorithm. Source:
Own calculations.

The lowest correlation of current yields for a holder of a given bond, excluding the
P5 bond, was observed between the P1 bond and the S1 bond. The P1 bond has a coupon
of—3 month EURIBOR + 1.25% and the S1 bond has a coupon of—0.5% (see Figure 11 for
the development of current yields for a holder of the S1 bond and the P1 bond).



Risks 2023, 11, 214 19 of 36

Risks 2023, 11, x FOR PEER REVIEW 20 of 38 
 

 

 

 

(A) (B)  

Figure 11. The current rate of income (in %) for green bonds issued in Poland and Slovakia. (A) The 
current rate of income (in %) for S1 green bonds issued in Slovakia. (B) The current rate of income 
(in %) for P1 green bonds issued in Poland. Source: Own calculations. 

Conclusion 5 
In the 2–4-day trend, the current rate of return for a holder of the P5 bond shows 

volatility related only to the W2 bond. In the case of the other bonds, it shows a connection 
at a moderate level. The P5 bond is most closely related to the W1 bond (see Figure 12). 

 
Figure 12. Values of the proprietary WDTW index between the P5 bond and green bonds issued by 
the Czech Republic, Hungary, and Slovakia, using only the first level of wavelet decomposition in 
the WDTW algorithm. Source: Own calculations. 

0.532
0.535

0.531

0.553

0.555

0.555
0.554

0.555

0.555

0.553

0.494

0.997

0.000

0.200

0.400

0.600

0.800

1.000
S1

C1

C2.1

C2.2

C3

C4.1

C4.2

C5

C6

C7

W1

W2

Figure 11. The current rate of income (in %) for green bonds issued in Poland and Slovakia. (A) The
current rate of income (in %) for S1 green bonds issued in Slovakia. (B) The current rate of income (in
%) for P1 green bonds issued in Poland. Source: Own calculations.

Conclusion 5
In the 2–4-day trend, the current rate of return for a holder of the P5 bond shows

volatility related only to the W2 bond. In the case of the other bonds, it shows a connection
at a moderate level. The P5 bond is most closely related to the W1 bond (see Figure 12).
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the Czech Republic, Hungary, and Slovakia, using only the first level of wavelet decomposition in the
WDTW algorithm. Source: Own calculations.
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The basic parameters of the P5 green bond are presented in Table 10 (see also Figure 13).

Table 10. Brief characteristics of the P5 green bond.

Name Issuer Swap Vert Pricing Date Swap
Vert

Settlement Date
Swap Vert

Maturity Date Swap
Vert Coupon

P5 PKO BP 5 June 2019 10 June 2019 30 September 2024 3M WIBOR + 0.6%

Source: Boerse Frankfurt.
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5.1.2. Trend 4–8 Days

On the basis of the author’s model, appropriate calculations can also be made in order
to assess the relationship between the tested bonds in the weekly trend. The conclusions
are presented below.

Conclusion 1
Changes in the current rate of return of all green bonds issued in Poland are, in the

weekly trend, very weakly related to changes in the current yield rate of W2 bonds issued
in Hungary. On a scale from 0 to 1, where the number one means no connection and the
number zero means 100%, the following results were obtained based on the WDTW model:

• For P1 bonds—0.8657 (on a scale from 0 to 1);
• For P2 bonds—0.9735 (on a scale from 0 to 1);
• For P4 bonds—0.9958 (on a scale from 0 to 1);
• For P5 bonds—0.9250 (on a scale from 0 to 1);
• For P6 bonds—0.9958 (on a scale from 0 to 1);
• For P8 bonds—0.9937 (on a scale from 0 to 1).

As can be seen, all results oscillate around the value of 1, so the volatility of the current
rate of income for a holder of bonds issued in Poland is not related in the weekly trend to
the volatility of the current rate of income for a holder of W2 bonds. It should be noted that
the P5 bond, which is moderately related in the case of links with other bonds, shows a
strong link in the case of W2 bonds. The opposite is true for W1 bonds (see Figure 14).



Risks 2023, 11, 214 21 of 36
Risks 2023, 11, x FOR PEER REVIEW 22 of 38 
 

 

 
Figure 14. Values of the proprietary WDTW index between bonds W1, W2 and bonds P1, P2, P4, P5, 
P6, and P8, using the second level of wavelet decomposition in the WDTW algorithm. Source: Own 
calculations. 

On a scale from 0 to 1, where the number one means no connection and the number 
zero means 100%, the volatility of the W1 bonds is linked to the given bonds issued in 
Poland, and the following values of the WDTW index were obtained based on the WDTW 
model:  
• For P1 bonds—0.1179 (on a scale from 0 to 1);  
• For P2 bonds—0.1597 (on a scale from 0 to 1);  
• For P4 bonds—0.1575 (on a scale from 0 to 1);  
• For P5 bonds—0.5231 (on a scale from 0 to 1); 
• For P6 bonds—0.1601 (on a scale from 0 to 1);  
• For P8 bonds—0.1323 (on a scale from 0 to 1). 

As can be seen, all the results except for WDTW (P5, W1) are less than 0.17, so the 
volatility of the current rate of return for a holder of bonds issued in Poland is strongly 
related in the weekly trend to the volatility of the current rate of return for a holder of W1 
bonds. 

Conclusion 2 
Of all the analysed bonds in the weekly trend, the W2 bond is the least related to 

changes in bonds issued in Poland in terms of effectiveness for its holder (see data in Fig-
ures 15 and 16). 

Figure 14. Values of the proprietary WDTW index between bonds W1, W2 and bonds P1, P2, P4,
P5, P6, and P8, using the second level of wavelet decomposition in the WDTW algorithm. Source:
Own calculations.

On a scale from 0 to 1, where the number one means no connection and the number zero
means 100%, the volatility of the W1 bonds is linked to the given bonds issued in Poland, and
the following values of the WDTW index were obtained based on the WDTW model:

• For P1 bonds—0.1179 (on a scale from 0 to 1);
• For P2 bonds—0.1597 (on a scale from 0 to 1);
• For P4 bonds—0.1575 (on a scale from 0 to 1);
• For P5 bonds—0.5231 (on a scale from 0 to 1);
• For P6 bonds—0.1601 (on a scale from 0 to 1);
• For P8 bonds—0.1323 (on a scale from 0 to 1).

As can be seen, all the results except for WDTW (P5, W1) are less than 0.17, so the volatility
of the current rate of return for a holder of bonds issued in Poland is strongly related in the
weekly trend to the volatility of the current rate of return for a holder of W1 bonds.

Conclusion 2
Of all the analysed bonds in the weekly trend, the W2 bond is the least related to

changes in bonds issued in Poland in terms of effectiveness for its holder (see data in
Figures 15 and 16).
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Conclusion 3
Changes in the current yield rate of all green bonds issued in Poland, with the excep-

tion of P5 bonds, are in the weekly trend very strongly related to changes in the current
yield rate of bonds issued in the Czech Republic (see Figure 17).

Figure 17. Cont.
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Figure 17. Treemap showing the strength of the relationship between the current rate of return for
a holder of bonds issued in the Czech Republic and bonds issued in Poland in the weekly trend.
(A) Treemap showing the strength of the relationship between the current rate of return for a holder
of bonds issued in the Czech Republic with the P1 bond. (B) Treemap showing the strength of the
relationship between the current rate of income for a holder of bonds issued in the Czech Republic
with the P2 bond. (C) Treemap showing the strength of the relationship between the current rate of
return for a holder of bonds issued in the Czech Republic with the P4 bond. (D) Treemap showing
the strength of the relationship between the current rate of return for a holder of bonds issued in the
Czech Republic with the P5 bond. (E) Treemap showing the strength of the relationship between
the current rate of return for a holder of bonds issued in the Czech Republic with the P6 bond.
(F) Treemap showing the strength of the relationship between the current rate of return for a holder of
bonds issued in the Czech Republic with the P8 bond. Source: Own elaboration based on calculations
in the Matlab program.

For all green bonds issued in the Czech Republic, the WDTW index showing the
“scale” of the relationship between the current rate of return on bonds issued in Poland
for their holder with other analysed bonds in the two-day trend is less than 0.1 (on a scale
from 0 to 1). The exception is the P5 bond; here the volatility linkage is at the base level.

The greatest dependence is with bonds P2, P4, and P6. The smallest is with the P5
bond. Therefore, based on the results, it can be concluded that the energy policy of the
Czech Republic is similar to the energy policy in Poland (see Figure 17).

Conclusion 4
Changes in the current yield rate of all green bonds issued in Poland are, in the weekly

trend, strongly related to changes in the current yield rate of bonds issued in Slovakia (see
Figure 18). Only in the case of P4 bonds is there a moderate link between the current rate of
return on the P4 bond and the green S1 bond.
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Conclusion 5
The analysis shows unequivocally that in the weekly trend, all bonds issued in Poland

show volatility in the current rate of return for the holder that is strongly related to the
volatility of bonds issued in Slovakia and the Czech Republic. The weakest relationship is
with the P1 bond (see Figure 19). Only the P5 bond shows a moderate relationship.
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Figure 19. WDTW ratio between bonds issued in the Czech Republic and Hungary and bonds
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Own calculations.

5.2. Long-Term Trend

The data on which the empirical study were carried out are daily data. The rows are
not equal. The maximum number of elements in the series is 256 observations. Therefore,
various time periods were considered to constitute long-term trends in the article. Due to
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the fact that the P1 bond is described with a series of only 134 elements, it is not possible to
consider the trend over a period longer than one or two months.

Conclusion 1
Analysis of bonds issued in Slovakia and those issued in Poland shows unequivocally

that the volatility of the current rate of return for a holder of S1 bonds is linked to the
volatility in the rate of return for a holder of the bonds P1, P2, P4, P6, and P8 in the
long-term trend, monthly, two-monthly, and half-yearly.

As shown in Figure 20, there is a definite lack of connection between the volatility of
the current rate of return for a holder of S1 and P5 bonds. It should be mentioned that the
S1 bond is a bond issued by TATRA BANK, and the P5 bond by PKO BANK. The S1 bond
has a coupon—0.5%, and the P5 bond—a 3-month WIBOR + 0.6%
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Statistical analysis of S1 and P5 bonds shows that:

1. For S1 bonds:

a. The current yield closes in the range of 0.5005 [%]–0.56 [%] (the difference is
0.06 [%]);

b. The average value of this index is 0.512% with an error of 0.0008%;
c. The index is characterized by low volatility (the coefficient of variation is 2.5%);
d. The current yield index shows strong right-handed asymmetry (Figure 21)

(asymmetry coefficient is 1.95[%], kurtosis is 3.46 [%]).

2. For P5 bonds:

a. The current yield closes in the range 0.744[%]–5.366[%] (the difference is
4.623 [%]);

b. The average value of this rate is 1.806% with an error of 0.086%;
c. The deviation from the mean is ±0.013% for S1, and ±1.382 for P5;
d. However, the analysed index shows very high volatility for P5 bonds—the

coefficient of variation is 76.5%;
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e. The current yield index shows centre-right asymmetry (Figure 21) (asymmetry
coefficient is 1.0395 [%], kurtosis is—0.19 [%]).
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Figure 22 indicates that:

- For 50% of listings, the value of the current market rate of the green bond index is:

• For S1 bonds was not less than 0.50733%;
• For P5 bond was not less than 0.7535%.

- For 25% of quotations, the value of the current market rate of green bonds is:

• For S1 bonds at most 0.50363%, (and for 75% listings at least 0.50363%);
• For P5 bonds at most 0.7335% (and at least 0.7535% in the case of 75% listings).

- In the case of 75% of listings, the value of the current market rate of the green bond
index is:

• For S1 bonds—at most 0.51586% (and for 25% of listings at least 0.51586%);
• For P5 bonds—at most 2.7956% (and for 25% of listings at least 2.7956%)

(Figure 22).

Conclusion 2
Analysis of the bonds issued in the Czech Republic and the bonds issued in Poland

clearly shows that the volatility of the current rate of income for a holder of these green
bonds is related to the volatility of the current rate of income for a holder of P1, P2, P4, P6,
and P8 bonds in the long-term trend, both monthly, and bi-monthly or half-yearly. There is
no link only to the P5 bond.

As shown in the figure below, the WDTW ratio between bonds issued in the Czech
Republic and the P1 bond is below 0.11. For the 16–32-day trend, the indicator ranges from
0.077 to 0.098 (on a scale of 0 to 1), for the 32–64-day trend, the indicator ranges from 0.083
to 0.108, and for the 64–128-day trend, the indicator values are between 0.063 and 0.078 (see
Figure 23). All values are low, so the conclusion can be drawn that all green bonds issued
in the Czech Republic have a current rate of return related to the volatility of the current
rate of return of P1 bonds.
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The WDTW ratio between the bonds issued in the Czech Republic and the P2 bond
is very low (see Table 11, Figure 24). For the 16–32-day trend, the indicator ranges from
0.0004 to 0.0206, for the 32–64-day trend, the indicator ranges from 0.0003 to 0.0166, and
for the 64–128-day trend, the indicator values range from 0.0002 to 0.009. All values are
very low, so it can be concluded that there is a very strong relationship between all green
bonds issued in the Czech Republic and the P2 bond issued in Poland in terms of the yield
of these bonds.

Table 11. Values of the proprietary WDTW index between the current yield rate of bonds issued in
the Czech Republic and the current yield rate of P2 bonds.

TREND (IN DAYS)

16–32 32–64 64–128

WDTW(P2,C1) 0.0148 - -
WDTW(P2, C2.1) 0.0206 0.0156 0.0089
WDTW(P2, C2.2) 0.0008 0.0008 0.0006
WDTW(P2, C3) 0.0004 0.0004 0.0003

WDTW(P2, C4.1) 0.0004 0.0004 0.0004
WDTW(P2, C4.2) 0.0005 0.0005 0.0002
WDTW(P2, C5) 0.0004 0.0004 0.0003
WDTW(P2, C6) 0.0005 0.0005 0.0004
WDTW(P2, C7) 0.0007 0.0003 0.0003

Source: Own calculations.
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The WDTW ratio between the bonds issued in the Czech Republic and the P4 bond
is very low (see Table 12, Figure 25). For the 16–32-day trend, the indicator ranges from
0.005 to 0.021, for the 32–64-day trend, the indicator ranges from 0.002 to 0.018, and for
the 64–128-day trend, the indicator values range from 0.003 to 0.011. All values are very
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low, although slightly higher than the WDTW ratio between the current yields of green
bonds issued in the Czech Republic and the P2 bond. The ratio is lower than 0.022, so it can
be concluded that there is a very strong link between all green bonds issued in the Czech
Republic and the P4 bond issued in Poland in terms of the yield of these bonds.

Table 12. Values of the proprietary WDTW index between the current yield rate of bonds issued in
the Czech Republic and the current yield rate of P4 bonds.

TREND (IN DAYS)

16–32 32–64 64–128

WDTW(P4, C1) 0.017 - -
WDTW(P4, C2.1) 0.021 0.014 0.006
WDTW(P4, C2.2) 0.005 0.002 0.003
WDTW(P4, C3) 0.005 0.003 0.003

WDTW(P4, C4.1) 0.005 0.003 0.003
WDTW(P4, C4.2) 0.005 0.003 0.003
WDTW(P4, C5) 0.005 0.003 0.003
WDTW(P4, C6) 0.005 0.003 0.003
WDTW(P4, C7) 0.005 0.003 0.003

Source: Own calculations.
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Figure 25. WDTW between green bonds issued in the Czech Republic and P4 green bonds issued in
Poland. Source: Own calculations.

The WDTW ratio, calculated for current bondholder yields between bonds issued in
the Czech Republic and the P4 bond, assumes very high values (see Table 13, Figure 25).
The values oscillate between 0.84 and 1 (on a scale from 0 to 1, where 1 means no similarity
and 0 means complete similarity between the two series). For the 16–32-day trend, this
indicator ranges from 0.968 to 1, for the 32–64-day trend, the indicator ranges from 0.91
to 0.926, and for the 64–128-day trend, the indicator values range from 0.833 to 0.844. All
values are very high, so it can be concluded that there is no link between all green bonds
issued in the Czech Republic and the P5 bond issued in Poland in terms of the yield of
these bonds.
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Table 13. Values of the proprietary WDTW index between the current yield rate of bonds issued in
the Czech Republic and the current yield rate of P5 bonds.

TREND (IN DAYS)

16–32 32–64 64–128

WDTW(P5,C1) 0.978 - -
WDTW(P5, C2.1) 0.968 0.910 0.833
WDTW(P5, C2.2) 0.998 0.924 0.844
WDTW(P5, C3) 0.999 0.926 0.844

WDTW(P5, C4.1) 1.000 0.926 0.844
WDTW(P5, C4.2) 0.999 0.925 0.844
WDTW(P5, C5) 0.999 0.926 0.844
WDTW(P5, C6) 1.000 0.926 0.844
WDTW(P5, C7) 0.999 0.925 0.844

Source: Own calculations.

It should be noted that the value of the WDTW ratio for the current yield rate of
bonds issued in the Czech Republic and the current yield rate of P5 bonds decreases as
the time trend increases (see Figure 26). For example, for the relationship between C7
and P5, in the 16–32-day trend, WDTW (P5, C7) = 0.999, and in the 64–128-day trend,
WDTW (P5, C7) = 0.844. Therefore, it can be concluded that the relationship between these
bonds may occur over a long-term trend.
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Figure 26. WDTW between green bonds issued in the Czech Republic and P5 green bonds issued in
Poland. Source: Own calculations.

The WDTW ratio between the current yields of bonds issued in the Czech Republic
and the P6 bond has very low values, i.e., values below 0.02 (on a scale from 0 to 1). For the
16–32-day trend, the indicator ranges from 0 to 0.021, for the 32–64-day trend, the indicator
ranges from 0 to 0.018, and for the 64–128-day trend, the indicator values range from 0 to
0.009. All values are very low (see Table 14, Figure 27) and therefore it can be concluded
that there is a very strong relationship between the current yields of bonds issued in the
Czech Republic and the P6 bond in terms of the yields of these bonds.



Risks 2023, 11, 214 31 of 36

Table 14. Values of the proprietary WDTW index between the current yield rate of bonds issued in
the Czech Republic and the current yield rate of P6 bonds.

TREND (IN DAYS)

16–32 32–64 64–128

WDTW(P6, C1) 0.01560 - -
WDTW(P6, C2.1) 0.02076 0.01553 0.00840
WDTW(P6, C2.2) 0.00072 0.00065 0.00026
WDTW(P6, C3) 0.00042 0.00036 0.00033

WDTW(P6, C4.1) 0.00038 0.00037 0.00029
WDTW(P6, C4.2) 0.00047 0.00032 0.00039
WDTW(P6, C5) 0.00033 0.00039 0.00023
WDTW(P6, C6) 0.00045 0.00042 0.00035
WDTW(P6, C7) 0.00062 0.00042 0.00016

Source: Own calculations.
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Figure 27. WDTW between green bonds issued in the Czech Republic and P6 green bonds issued in
Poland. Source: Own calculations.

Conclusion 3
The WDTW ratio between the current rate of return of the W1 bond issued in Hungary

and the bonds issued in Poland ranges from 0.054 to 0.951 (on a scale from 0 to 1). The
highest values of the indicator are for WDTW(W1, P5). The conclusion can be drawn that
over the long-term trend there is no relationship in terms of yields between W1 and P5
bonds. A relationship can be established in the context of P1, P2, P4, P6, and P8 bonds,
because their WDTW ratio with W1 bond is relatively low—below 0.2, on a scale from 0 to
1 (see Figure 28, Table 15).
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Figure 28. WDTW between W1 green bonds issued in Hungary and green bonds issued in Poland.
(A) WDTW(W1, P1). (B) WDTW(W1, P2). (C) WDTW(W1, P4). (D) WDTW(W1, P5). (E) WDTW(W1,
P6). (F) WDTW(W1, P8). Source: Own calculations.
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Table 15. Values of the proprietary WDTW index between the current rate of return on W1 bonds
and the current rate of return on bonds issued in Poland.

TREND WDTW(W1, P1) WDTW(W1, P2) WDTW(W1, P4) WDTW(W1, P5) WDTW(W1, P6) WDTW(W1, P8)

16–32 0.114 0.137 0.132 0.951 0.137 0.125
32–64 0.189 0.19 0.188 0.889 0.19 0.17

64–128 0.054 0.073 0.069 0.808 0.072 0.054

Source: Own calculations.

The WDTW ratio between the current rate of return of the W1 bond issued in Hungary
and the bonds issued in Poland ranges from 0.28 to 1 (on a scale from 0 to 1). The highest
values of the indicator are for WDTW (W2, P5). The conclusion can be drawn that over the
long-term trend there is no relationship in terms of yield between the W2 bond and bonds
issued in Poland (see Figure 29, Table 16).
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Table 16. Values of the proprietary WDTW index between the current rate of return on W2 bonds
and the current rate of return on bonds issued in Poland.

TREND WDTW(W2, P1) WDTW(W2, P2) WDTW(W2, P4) WDTW(W2, P5) WDTW(W2, P6) WDTW(W2, P8)

16–32 0.5870 0.6892 0.6996 0.8241 0.6974 0.6982
32–64 0.4792 0.5079 0.5111 0.9998 0.5129 0.4889

64–128 0.2424 0.2745 0.2779 0.9999 0.2752 0.2783
128–256 0.3459 0.3079 0.3052 0.7068 0.3078 0.2869

Source: Own calculations.

6. Discussion and Conclusions

This study investigates the relationship between the yields of green bonds issued in
Poland compared to the yields of green bonds issued in other CEE countries. The study
was based on 20 green bond issues in CEE countries, including as many as 6 issues carried
out in Poland. The aim of the article was to find an answer to the question whether the
effectiveness of green bonds issued in Poland is related to the effectiveness of green bonds
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issued in other CEE countries in both the long and short term. A modified proprietary
WDTW algorithm based on wavelet analysis and dynamic time transformation was used
for the similarity analysis. In the first set of analyses, a short-term spatial-temporal analysis
covering a range of 2–4 days was performed. The results of the analysis showed moderate
(bond P5) and very strong correlations between the current yield of green bonds issued
in Poland (P1, P2, P3, P4, P6, P7, P8) and changes in the current yield of almost all green
bonds issued in the other CEE countries. The only exception is the W2 bond issued by the
Hungarian government, for which no significant similarities were found with any of the
Polish green bond issues.

The results of the study for the 2–4-day period were also confirmed in the short-term
spatial-temporal analysis covering the 4–8-day range. Comparing the results for these two
time periods, it can be seen that green bonds issued in the Czech Republic, Slovakia, and
Hungary (W1 bond) show high similarity in terms of effectiveness to green bonds issued in
Poland. At the same time, the results of the study confirmed that of all the bonds analysed,
the W2 bond (issued by the Hungarian government) is the least similar to green bonds
issued in Poland in terms of effectiveness for its holder.

Similar results were obtained in the long-term analysis. In the course of the analysis,
no significant differences were found between the volatility of the current yield for a
bondholder of P1, P2, P4, P6, and P8 bonds and a bondholder of Slovak, Czech, and
Hungarian bonds (W1) over the long-term trend. Invariably, however, the research showed
a lack of correlation in the performance of the Polish bond with the W2 bond over the
long-term trend.

The results of the study therefore confirm the hypothesis, which assumed that there
is a strong relationship between green bonds issued in Poland and those issued in the
other CEE countries. Thus, the results of the study suggest that climate policies in the
CEE countries are similar and commensurate. Indeed, the results of the analysis provide
strong evidence indicating that Poland’s energy policy is strongly linked to that of the
Czech Republic and Slovakia. Only in the case of Hungary can it not be clearly established
whether the energy policies of Poland and Hungary show the same development trend.

The results of the research provide important insights relevant to investors into the
yields of green bonds in the CEE countries. Indeed, investors are looking for new low-risk
investments that, in addition to an adequate yield, pursue important social objectives. The
results of the survey indicate that by choosing green bonds issued in the CEE countries
for the purpose of investment, investors receive a product that is issued by entities with a
high degree of credibility (e.g., banks or governments), and that is in line with the idea of
sustainable development. However, it should be borne in mind that due to the developing
green bond market in the CEE countries, the results of the study are still preliminary and
should be treated with some caution. The research was carried out in the selected CEE
countries and included only 20 green bond issues (9 in the Czech Republic, 2 in Hungary, 1
in Slovakia and 8 in Poland). It is therefore legitimate to pose the question as to whether
the results can provide a basis for drawing conclusions on the profitability correlation of
green bonds issued in the CEE countries in the future. Changing social, health and military
conditions may affect the causes and effects of changes in green bond yields differently in
individual CEE countries, but this cannot be predicted at present. However, the research
has undoubtedly contributed to some extent to a better understanding of the yields of
green bonds issued in the selected CEE countries.

The added value of this manuscript is a detailed description of the empirical and
analytical development of green bonds in selected countries of Central and Eastern Europe.
The empirical analysis was carried out based on the author’s wavelet analysis model. The
model is innovative and the results obtained using it are unique. The manuscript describes
in detail not only the construction of the author’s model, but also the results obtained using
it. The presented research has no limitations, apart from data availability.
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