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based approach

Abstract

The effects of climate change are becoming more apparent and with that the need to act. Meeting the
announced pledge to limit the effects of climate change requires large financial resources, for which
there is still a financing gap. Hence, finding efficient financing instruments is an important element to
combat climate change. In this paper, we compare different green bond designs including fixed-rate,
carbon-linked, inflation-linked, and convertible (green) bonds. We assume that the proceeds are
invested into an emission-reducing project thus generating returns in form of saved CO; certificates.
The carbon price is assumed to follow a geometric Brownian motion simulating a general optimal
stopping time problem for the start of the investment project. Our simulation results indicate that
most alternative bond designs do not set superior incentives compared to traditional green fixed-rate
bonds. The only design that outperforms fixed-rate bonds, are green carbon-linked bonds following a
coupon design inversely linked to the development of carbon prices. This is surprising given the latest
issuance of green inflation-linked and green convertible bonds. Thus, the findings question whether

alternative and more complex green bond designs are the right tool to combat climate change.
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1. Introduction

Climate change and its expected implications from sea level rise to droughts will threaten a vast
amount of people and their livelihoods (Nordhaus, 2019; Tol, 2009). As the effects of climate change
are becoming more apparent e.g., by droughts or low tides such as in the Rhine river in August 2022
(Abdelnour, 2022), the public is more open to financing the green transition. Nonetheless, public
support is partly dependent on the preservation of current living standards (van der Wiel et al., 2022;
Hojnik et al., 2021). Meeting the required financing goals is challenging in the current high-inflation
market, which is coupled with the fear of recession and thus higher default probabilities of
governments and corporates alike (McCollum et al., 2018). One of the most important debt finance
instruments are bonds that are issued by both private corporations and public institutions. There are
many different forms starting from the “standard” fixed-rate bond with a recurring fixed coupon to
the convertible bond with equity-like characteristics (Choudhry, 2010). In 2007, the European
Investment Bank issued a new bond type in the form of “green bonds” following the objective to
finance green projects (Ferrer et al., 2021). Since its inception, the green bond volume grew rapidly to
an issuance volume of USD 259 bn in 2019 — still, it remains a fraction of the total bond market (Ferrer
etal.,2021; Flammer, 2021). While the green bond market continues to grow, it does not come without
shortcomings. In particular, concerns about governance and green labels lead to skepticism of
investors and environmentalists (Dorfleitner et al., 2022; Flammer, 2020). Yet, climate experts believe
that there still is a large financing gap to reach the aspired target of governments (McCollum et al.,
2018). Thus, a functioning green bond market is crucial to support the available financial resources
(Heine et al., 2019). The first green bond had a traditional fixed-rate bond structure with a coupon rate
at a fixed interest rate (EIB, 2022). Following the developments of the traditional bond market, various

forms of green bonds emerged, which are:

1. Fixed-rate green bond (e.g. Flammer, 2021)

2. Carbon-linked green bond (e.g. Worldbank, 2008a)

3. Inflation-linked green bond (e.g. French-Treasury, 2022)
4. Convertible green bond (e.g. NEOEN, 2022)

Given the higher complexity of carbon-linked, inflation-linked, and convertible green bonds, the
guestion remains whether they set superior incentives for investors compared to “traditional” fixed-
rate bonds offsetting the negative effects of higher complexity. In this article, we ask the question of
which bond structure sets the appropriate incentives for issuers and spurs demand for green bonds
and thus funding potential for green projects. To do so, we define an emission-reducing project that is

financed by the issuance of a green bond. The return of the project is based on the saved emission



certificates and thus we calculate a project net present value (NPV). We compare a green fixed-rate

bond to a green inflation-linked bond by applying a simulation-based approach.

Our results indicate that projects financed by inflation-linked and convertible bonds do not lead to
higher NPV or earlier execution of the project. However, carbon-linked bonds with a coupon structure
inversely linked to the carbon price development offer a slight advantage compared to fixed-rate
bonds. Thus, our paper has both theoretical and practical implications. Our approach offers a replicable
method to compare different bond structures. From a practical point of view, we question the need to
issue green inflation-linked and convertible bonds given their higher complexity. This paper is
organized as follows: Section two defines the main properties and current research on the different
green bonds, the carbon market, and the need for financing. Section three describes the model setting
including the specific bond pricing. This is followed by the simulation-based implementation of the

model in section four. Lastly, we conclude our findings and point to potential areas for further research.
2. Literature review and current trends
2.1. Financing needs to combat climate change and current market conditions

The transition to a “green(er)” economy does not come without significant investments into
technology and infrastructure supporting a net-zero economy (Fankhauser et al., 2016). Even though
scholars and intergovernmental organizations debate about the exact financing needs and allocation,
most agree that there are still major financing gaps to reach the proclaimed national targets, the 2
degrees target or even the net zero target (Roberts et al., 2021; Rozenberg and Fay, Zamarioli et al.,
2021; Hong et al. 2020; McCollum et al., 2018; Fankhauser et al., 2016; IEA, 2021). Modeling different
scenarios, McCollum et al. (2018) estimate that there is a yearly financing gap of $ 130-480 bn until
2030. The gap becomes apparent looking at the unmet pledge of developed countries to raise S 100
bn per year until 2020 for climate actions of developing countries (Den Elzen et al., 2011, Timperley,
2021; Roberts et al., 2021). Moreover, the European Central Bank believes that the gap is likely to

widen due to the three phenomena of “climateflation”, “greenflation” and “fossilflation” (Schnabel,

2022).

Green bonds can be one part of the solution as they are debt-financing instruments that can be issued
both by the government and corporates. In addition to this, the market for bonds is mature and market
participants are familiar with its dynamics (Ning et al., 2022; Ng and Tao, 2016; Tolliver et al., 2019;
European Commission, 2016; IEA, 2021). The OECD points out that the long-term orientation and low-
risk asset class of bonds correspond to the low-carbon investment opportunities and are thus suitable
to finance actions against climate change (Kaminker and Stewart, 2012; OECD, 2021). Finally,

Sartzetakis (2021) argues that (partial) debt financing is an instrument for justice and equity to deal
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with the inter-generational challenge of climate change (Sartzetakis, 2021). The potential of green
bonds to narrow the financing gap is also recognized by the OECD and other intergovernmental actors
(IEA2022, 2022; European Commission, 2016). Hence, the question of which green bond structure is

the most efficient one to close the gap becomes crucial.
2.2. Carbon prices and European-trading scheme

The EU was one of the first areas in which carbon pricing was introduced and constituted the largest
carbon market in terms of covered emissions until 2021 before being surpassed by China (Nogrady et
al., 2021). In general, putting a price on carbon is the attempt to include the “social cost” of emissions
in the price of the good (Stiglitz, 2019). In addition, setting a price gives a direct incentive for emitters
to reduce their footprint in order to save costs. As a result, investing in technology to reduce CO;
emission e.g. by financing in production facilities that require less energy for the same output
generates a return based on the price of the CO; which would otherwise have to be paid. There are
two theoretical approaches on how to put a price on carbon. The first one is to implement a tax on
carbon similar to other consumption-based taxes (Murray and Rivers, 2015; Andersson et al., 2015).
The second one is to introduce some form of a “cap-and-trade” system, in which corporates need to
have sufficient CO; certificates to compensate for their emissions. In this paper, we will focus on “cap-
and-trade” systems! as they are widely implemented across the globe. Moreover, we focus on Europe

as it is the most liquid and highly valued carbon market (Nordeng, 2022; Zhu et al., 2017).

More than 15 years ago, back in 2005, the European Union implemented the first cross-country
emission trading system (ETS). As stated above, the system is based on the so-called “cap-and-trade”
mechanism. In this system, emission certificates are issued which amount to one ton of CO,-
equivalent? emission per certificate. “Cap” stands for the design to incrementally reduce the number
of certificates that are freely allocated to polluting companies. “Trade” accounts for the market
characteristic that certificates can be traded between companies for a price that is formed by the
market (Hintermann, 2010). The ETS system does not encompass all potential emitters but companies
from energy-intensive industries, power generation, commercial aviation, and some basic materials
sectors. The companies included in the ETS must cover all their CO; emissions either with their (freely)
allocated certificates or by buying additional ones. The certificates can either be bought in auctions or
outright from other emitters that have a surplus of certificates (European Commission, 2022). Those

certificates are called emission allowances (EUA) and are traded in the future and spot market at the

1 Please see Tvinnereim (2014) or Venmans et al. (2020) for an overview of major cap-and-trade
markets around the world.

2 CO; equivalent is used to make greenhouse gas emissions comparable — thus different gases are
converted according to their global warning potential (Eurostat, 2022).



two major stock markets of EEX Leipzig or ICE London (Stefan and Wellenreuther, 2020). In the rest of
the paper, we focus on EUAs as they constitute the largest and most liquid carbon market (Ibikunle et

al., 2016).

Even though more and more countries are introducing one of the mechanisms to price carbon, experts
largely agree that the current carbon price level across the world remains too low while having
experienced a significant increase in the past years (Klenert et al., 2018; IEA2022, worldbank, 2022;
Nogrady et al., 2021; IEA, 2022a). In August 2022, the price for one certificate in the EU was fluctuating
in the range of € 80-90 (Statista, 2022). Looking at the last year, the price averages at € 52 which is an
increase of more than 110% compared to 2020 (Bloomberg, 2022; Umweltbundesamt, 2022). The
International Energy Agency (IEA) estimates that a price of $ 140 /t CO; by 2030, $ 205 /t CO; by 2040,
and $ 250 /t CO, is required in developed economies to reach the net zero emission ambition by 2050
(IEA, 2022b)3. Similar to other commodity markets, the price of carbon certificates follows various
factors and authors have developed models to simulate the prices (Ji et al., 2019; Bloch, 2011; Benz
and Trick, 2009; Nazifi, 2013; Hao et al., 2020; Sun and Huang, 2020; Li et al., 2022; Lamphiere et al.,
2021). Scholars identify six major determinants of the development of EUA prices: 1) Energy prices incl.
oil, 2) CERs prices, 3) Weather conditions, 4) Economic activity, 5) Market design (institutional design
of ETS e.g. set cap) and 6) Other external factors such as global climate negotiations (among others
Alberola and Chevallier, 2009; Batten et al., 2021; Broadstock and Cheng, 2019; Creti et al., 2012; Zhu
et al., 2017; Alberola et al., 2008; Mansanet-Bataller et al., 2007; Christiansen et al., 2005; Stoll and
Mehling, 2021; Mintz-Woo et al., 2021; Batten et al., 2021). To summarize, with the introduction of
the ETS, many corporates in Europe have to pay for the right to emit greenhouse gases. As a result,
investments in emission-reducing projects yield additional returns based on their potential to reduce

emissions and thus require fewer certificates.
2.3. Green bonds

Since their inception in 2007, the green bond market soared across the globe to an issuance size of $
259 bn (Ferrer et al., 2021). Mirroring most characteristics of conventional bonds, green bonds have
been rapidly capitalized by investors in the financial market as an innovative debt-financing instrument
(Russo et al., 2021). Heine et al. (2019) consider green bonds as a key element to combat climate
change supplementing carbon pricing. In addition, the authors argue that there are interaction effects
between green bonds and carbon pricing as investments in emission-reducing projects are likely to
grow if the carbon price rises and thus increase demand for green bonds (Heine et al., 2019). In

lockstep with the soaring green bond issuance, various forms of green bonds emerged, which require

3 In last year’s report the IEA expected a price of $ 130 CO: for 2030 - all other unchanged (IEA, 2021)



a definition and delimitation. Generally, the key differentiator to conventional bonds is the use of
proceeds clause which is a requirement to use the generated funds to finance climate-friendly projects
(ICMA, 2022). Green bonds are used as a private and public debt-financing tool and have adopted
many of the characteristics of the traditional bond market. To the best of our knowledge, the majority
of green bonds issued are green fixed-rate bonds, which are bonds that pay a pre-defined coupon until
maturity. In addition to this, green inflation-linked and green convertible bonds have gained
momentum in recent years (e.g. NEOEN 2022; French Treasury 2022). A more exotic bond design
directly linked to the development of the carbon market was tested soon after the issuance of the first
green bond but failed to gain much adoption in practice (Worldbank 2008a). Additional green bond
structures are likely to emerge based on innovations in the traditional bond market. In this paper, we
focus on five green bond designs which will be described in the next sections. From a policy
perspective, the rationale for the issuance of green bonds is clear — to support the efforts to combat
climate change. Rationales from issuers and investors in green bonds are less clear. Focusing on
corporate green bond issuers, Flammer (2021) identifies three potential arguments for issuing green
bonds which are signaling, green-washing, and reducing the cost of capital. She concludes that only
the signaling effect finds support analyzing the abnormal returns of companies issuing green bonds

(Flammer 2021).

The demand for green bond issuance is accompanied by a surge in research papers on this topic.
Nonetheless, influential authors argue that research on green bonds is still in its early stages (e.g.
Flammer, 2021; Larcker and Watts, 2020). The most dominant research stream evolves around the
guestion of whether green bonds yield lower returns than conventional bonds. Despite the significant
number of articles, the results remain inconclusive. Some studies point toward a positive effect (e.g
Baker et al., 2018; Zerbib, 2019), while other authors can neither find positive nor negative effects (e.g.
Larcker and Watts, 2020; Hachenberg and Schiereck, 2018) and finally again others find a negative
effect (e.g. Karpf and Mandel, 2017; Bachelet et al., 2019). In recent years, the study of Flammer (2021)
on corporate bonds in the time frame of 2013 to 2018 and Loffler et al. (2021) strengthen the argument
that there is no greenium. Apart from the research on greenium, four key green bond research streams
can be identified. Firstly, authors investigate the connectedness to other financial instruments
analyzing the interplay of green bonds with stocks (e.g. Ferrer et al., 2021; Reboredo and Ugolini,
2020), other bond markets (e.g. Ferrer et al., 2021; Reboredo and Ugolini, 2020), commodities (e.g.
Reboredo and Ugolini, 2020) and other assets (e.g. Saeed et al., 2021). Secondly, market characteristics
including the issuance size (e.g. Russo et al., 2021; Loffler et al., 2021), country-specific development,
and issuer-specific characteristics (e.g. Banga, 2019) are analyzed. Thirdly, a smaller number of scholars
conduct research on governance-related topics, incl. the third-party certification of bonds (e.g. Immel

et al., 2021 and Park, 2018). Finally, several authors explore the impact of green bond issuance on
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issuers including their financial performance, stock performance, ownership structure and

environmental performance (e.g. Flammer, 2021).

Notwithstanding the soaring market, green bonds do not come without shortcomings. Scholars
criticize various governance issues due to the private governance regime (e.g. Flammer, 2020;
Dorfleitner et al., 2022; Flammer, 2021; Park, 2018). One of the fundamental issues starts with the
definition of what classifies as “green” as there is no holistically applied definition. In addition to this,
there is no rating or classification on the “greenness” of different bonds (Hachenberg and Schiereck,
2018; Hyun et al., 2019). Comparing the yield spread of conventional and green bonds, Simeth (2022)
showed that second-party opinions lower the difference. This supports the hypothesis that governance

issues are inherent in the green bond market as the market requires additional verification.

Still, to the best of our knowledge, there is no study that compares different green bond structures
regarding their potential to set incentives to invest in emission-reducing projects. Given the inherent
governance issues of the green bond market, we believe that finding financial incentive structures for

investors is important to support the next phase of green bond issuance.
2.4. Inflation-linked bonds

Given the current high-inflationary market conditions in many economies around the world, investors
search for ways to mitigate the inflation risk. A product that offers protection against inflation is
inflation-linked bonds (also known as inflation-indexed bonds) (Choudhry et al., 2005; Price, 1997).
Inflation-linked bonds are by no means a new instrument with initial issuance in 1780 during the
revolutionary war in the US (Shiller, 2003). Since then, the US Treasury Inflation-Protected Securities
have experienced strong growth rates starting with a volume of $ 33 bn in 1997 (1% of total
outstanding treasury securities) to reaching $ 1,789 bn in July 2022 accounting for 7.7% of total
outstanding US Treasury Securities. As indicated by the name, inflation-linked bonds are adjusted to
follow the development of inflation and are part of the broader category of index-linked bonds. There
are many different forms of inflation-linked bonds but the main mechanisms are the adjustment of
coupon or principal to inflation. Smith (2010) differentiates between “P-linkers” and “C-linkers”
indicating that the design either adjusts the principal or coupon to inflation. Originally issued as
government security, inflation-linked bonds are also used by corporates with various structures
applied e.g. the US Treasury TIPS apply a structure in which the principal is adjusted according to
inflation (Campbell et al., 2009). Key rationales for issuing of inflation-linked bonds are the hope to
lower financing cost and to broaden the investor base (Reschreiter 2004; Sack and Elsasser 2004;
Danish-National-Bank, 2022; Garcia and van Rixtel, 2007). From the point of investors, scholars argue

that inflation-linked bonds are a hedge against inflation and thus can be used for portfolio



diversification (e.g. Bodie, 1988; Hammond, 2002; Kothari and Shanken, 2004; Bardong and Lehnert,
2004). Another field of scholarly interest is focused on defining an appropriate price for inflation-linked
bonds with the seminal work of Jarrow and Yildirim (2003) and Mercurio and Moreni (2006). In
addition, other authors such as Fleckenstein et al. (2014) investigate potential mispricing and arbitrage

opportunities in the inflation-linked bond market.

Green inflation-linked bonds are rather new compared to other bond designs. In May 2019, Orsted, a
Danish energy company placed a £ 250 M green inflation-linked bond based on the development of
the UK consumer prices (ISIN: XS1997071086). Three years later, the French Treasury was the first non-
private issuer with a € 4 bn bond linked to the Harmonized Consumer Price Index (HCPI) (ISIN:
R0O01400AQHO0). Nevertheless, the market has not yet started to see many additional issuances (see
table 1). Similarly, to the best of our knowledge, there is no paper explicitly addressing the topic of
green inflation-linked bonds. We briefly outline the main characteristics of both green inflation-linked
bonds to improve the understanding of the model setup. Orsted’s green inflation-linked bond comes
with a coupon of 0.375 percent which is multiplied by the index ratio. The index ratio is defined as the
current inflation rate compared to the base index. In addition, the principal is adjusted upon
redemption by multiplying the principal with the index ratio. At the same time, Orsted issued two other
green bonds with a fixed-rate structure, running until 2027 and 2033. Both were priced with a higher
coupon of 2.125% and 2.5%, respectively (Orsted, 2019). Similar to the Orsted bond, the coupon
structure of the French bond follows a pre-defined interest amounting to 0.1% multiplied by an index
ratio (French-Treasury, 2022). Thus, both green inflation bonds currently on the market are “c-linkers”
using a national or European inflation index as a reference. To reflect reality and derive meaningful
results, we model a green inflation-linked bond with a similar design as the above-described bonds
meaning that it has a coupon which is multiplied by a selected inflation index (C-linker).

Table 1: Overview of selected green inflation-linked bonds - sources include Orsted (2019); Tresor
(2022); Caproasia (2022)

Issuance date Issuer Issuance size Coupon Index
16.05.2019 Orsted £250 M 0.375% CPI
15.04.2022 Hongkong government $1,900 M 0.375% Local inflation
25.05.2022 France Treasury €4,000 M 0.1% HCPI

2.5. Convertible bonds

In mid-2021 the Economist pointed out the resurgence of convertible bonds by stating: “An asset class
that had fallen out of fashion is back in vogue. That is because convertibles are well-suited to fast-

changing conditions.” (Economist, 2021). In its most basic form, convertible bonds are a debt-financing
7



instrument that gives the investor the right to convert its debt into equity after a period of time or at
maturity (Brennan and Schwartz, 1980; Ingersoll Jr, 1977; Dutordoir et al., 2014). Dutordoir et al.
(2022) also point to the increased interest in convertible bonds in recent years after they have seen a
lower demand in the aftermath of the financial crisis. Compared to fixed-rate bonds, inflation-linked,
and other index-linked bonds, convertible bonds are issued solely by corporates. Similar to other bond
classes, there are numerous different designs present in the market. Overall, convertible bonds can be
differentiated along three main dimensions which are coupon paid (zero-coupon bonds vs. fixed-rate
bonds), conversion right and obligation (issuer or investor can hold conversion right or obligation) and
conversion timing (conversion can either be timed at maturity, at other pre-defined time, or at any
time until maturity) (Choudhry, 2003). A key distinction between convertible bonds to other bond
types is the pre-defined conversion price describing the price per share, for which the bond can be

converted (Brennan and Schwartz, 1980, 1977; Dutordoir et al., 2014).

The main research stream deals with the pricing of convertible bonds. The complexity and research
interest arise from the option-like structure which motivated the seminal work of Brennan and
Schwartz (1977), Ingersoll Jr (1977), and Brennan and Schwartz (1980). Apart from the work on
valuation models, scholars focused on the rationales for issuing convertible bonds, the market reaction
to convertible bond issuance, and convertible bond design choices (Dutordoir et al., 2014). The key
rationale for issuing convertible bonds is the reduction of both agency cost and adverse selection (e.g.

Green, 1984; Mayers, 1998).

There is little research dedicated to green convertible bonds with only one paper by Lichtenberger et
al. (2022) briefly discussing green convertible bonds. Irrespective of the lack of scholarly work, several
green convertible bonds took place in recent months and years which are summarized in table 2. One
of the largest green convertible bond offerings was issued in 2020 by EDF, a French utility company,
amounting to € 2.4 bn and maturity until 2024. The structure follows a zero-coupon design and may
be redeemed by EDF at certain times prior to the maturity (ISIN: FR0O013534518) (EDF). In September
2022, NEOEN, a French renewable energy company, issued its second green convertible bond
amounting to € 300 m and maturity in 2027. The bond pays a fixed coupon of 2.875% and can be
redeemed by the company on any date after 2025 (ISIN: FR0013451820) (NEOEN, 2022). Hereafter,
we use the structure of a plain vanilla convertible bond with a fixed coupon payment and investor’s
right for conversion at maturity. By doing so, we closely mirror the recent green convertible bond

issuance of NEOEN and thus ensure a realistic setting (NEOEN, 2022).



Table 2: Overview of selected green convertible bonds - sources include LINK (2019); NEOEN (2022);
NEOEN (2020); EDF; SP (2020); Audax (2020); Voltalia (2021); MeyerBurger (2021); Fisker (2021);
POSCO (2021)

ISIN Issuance date Issuer Issuance size Coupon
HK0823032773 08.03.2019 LINK S510M 1.6%

- 27.05.2020 NEOEN €170 M 2.0-2.5%
FR0010242511 14.09.2020 EDF €2,400 M 0%
XS2234849649 16.09.2020 Falck Renewables €200 M 0.0%

- 23.11.2020 Audax Renewables €125M 2.75%

- 05.01.2021 Voltalia €200 M 1.0%
CH0108503795 05.07.2021 Meyer Burger €125 M 2.75-3.25%
- 13.08.2021 Fisker $625M 2.5%
US6934831099 13.08.2021 POSCO €1,100 M 0.0%
FR0011675362 07.09.2022 NEOEN €300 M 2.875%

2.6. Carbon-linked bonds

Similar to inflation-linked bonds, carbon-linked bonds follow an index which is a carbon market such
as the ETS. The first green carbon-linked bond emerged in 2008 shortly after the issuance of the first
green bond itself (Worldbank, 2008a). Looking at the design of the first green carbon-linked bond, it
initially offered a fixed-rate coupon which is superseded by a carbon-linked coupon after a 15-month
period and had a relatively small issuance size of USD 25 M. This bond was jointly issued by the
Worldbank and Daiwa and linked to the CER carbon price®. Apart from the carbon market itself, the
coupon was also linked to the actual vs. estimated creation of CERs by a green project (hydro-power
plant in China) (Worldbank, 2008a). Shortly after the first issuance, a second carbon-linked bond
followed with a similar structure to the first one jointly issued by the Worldbank and Mitsubishi
(Worldbank, 2008b). To the best of our knowledge, the carbon-linked bond issuance did not surge and
only one additional carbon-linked bond was issued.® There are three potential reasons for this. Firstly,
the issuance occurred in an early stage of the carbon market characterized by low(er) prices (Alberola
etal., 2008). Hence, the bond might have fallen short of the return expectations by investors. Secondly,

the bonds were linked to the development of CER prices which were important at the beginning and

4 CERs stands for “Certified Emission Reductions” which are either issued by the Clean Development
Mechanism (CDM) or the Joint Implementation Program (J1). They are generated as part of emission-reduction
projects outside the EU and have been established as part of the Kyoto protocol. Similar to EUAs, one
certificate accounts for 1 t of COz-equivalents (Nazifi, 2013; UN,2022)



lost importance with the development of ETS and other larger carbon markets. Finally, the bonds were
not only linked to the carbon price development but the successful realization of a green project. As a

result, they bear additional risks that investors might not be willing to accept.

Similarly, carbon-linked bonds have received relatively little attention from scholars. Bloch (2011)
pioneers the field by deriving a pricing formula for carbon-linked bonds modeling both carbon price
development and the projected vs. realized performance of the emission-reducing project. Following
the initial idea of Bloch (2011), Zhang et al. (2020) present a carbon-linked bond design characterized
by a double-barrier option. Using the upper and lower barrier, they show that when the carbon price
increases, the issuer has to pay a lower coupon and vice versa (Zhang et al., 2020). A related field of
research is commodity-linked bonds such as “petrobonds”, which are linked to the development of oil
prices (e.g. Schwartz, 1982; Carr, 1987). In our simulation, we combine the features of so-called “step-
up/step-down” bonds® with a direct link to the development of the carbon market. Yet, we refrain
from linking the coupon to the projected vs. actual performance of a project as a CER-generating
project because of two reasons. Firstly, we would like to focus on one effect only which is the carbon
price development to ensure that we obtain comparable results. Secondly, the CDM (Clean
Development Mechanism) is based on the idea to generate CER as part of a green project which cannot
be realized simultaneously with our proposed investment project.

Table 3: Overview of carbon-linked bond issuance - Sources include (Worldbank, 2008a, b; Reuters,
2014)

Issuance date Issuer Issuance size Coupon Payment
06.09.2008 World Bank and Daiwa S$25M 3% Annual
09.12.2008 World Bank and Mitsubishi $6.5M 3% Annual
06.05.2014 CNG Wind $160M Not known Not known

6 As already reflected in the name, step-up or step-down bonds have an increasing or decreasing
coupon structure which can be linked to a certain trigger or goal e.g. greenhouse gas emission
reduction (Liberadzki et al., 2021; Berrada et al., 2022), to a rating (Koziol and Lawrenz, 2010)
develops over time (ErsteGroup, 2014).
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3. Model
3.1. Stochastic set-up

Our model has the objective to analyze whether different green bond structures improve the return
and starting time of an emission-reducing project thus creating an incentive for the issuer to use a
specific type of green bond. The chosen green bond types are a green fixed-rate bond which yields a
constant interest until maturity, a green carbon-linked bond (with an up- and downward coupon
structure), a green inflation-linked bond which yields a coupon adjusted for the underlying inflation
level, and a green convertible bond with a fixed coupon structure and conversion dependent on the
development of the underlying share price. The coupon payments for the different bond types and
the investment project are based on three key processes which we need to define. Firstly, we need to
define the development of CO; prices as both the carbon-linked bond and the investment project
depend on it. Secondly, the inflation process needs to be detailed to model the inflation-linked bond.
Finally, a process for the development of the share price needs to be drafted to calculate the

convertible bond return.

We start by modeling the assumptions for the CO; price by defining the stochastic price P for the CO;
certificates over time. In line with Bloch (2011) and Chevallier and Sévi (2014) we let P follow a

geometric Brownian motion represented by the equation:
dP, = uP.dt + oP,dW, (3.1,

where t > 0 and Py := P(0). The two constants ¢ and o stand for the drift rate and volatility of
changes in the price of CO; certificates. The last component dW stands for the increment of a Wiener
process on a filtered probability space (2, F, P, (F;)¢=0)- As a next step, we define the price diffusion
process for 3.1 under risk-neutral probability measure Q. We can assume that CO; certificates are
traded in a liquid public market (e.g. the ETS) and do not hold any storage yields. Thus, the risk
associated to P’s market price is described by Ap and follows the properties of the Black and Scholes

(1973) model expressed by Ap = % . 17 represents the risk-free rate. Finally, we can describe the

price process with the following equation:

The above-described Wiener process is expressed by W;. Note that assuming the dynamics of equation
3.2) come without loss of generality as other process adjustments reflecting idiosyncratic risks or
storage yields are also possible. We assume that the constant u is following a mean reverting process
given by the following equation

dpe = k(i — pp)dt +ndz (3.3)
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whereas the mean reversion coefficient k represents the adjustment speed for the rate of the growth

process. U, illustrates the drift at time t which is assumed to follow the long-term average drift ji.

In order to receive the return of the convertible bond, we apply the share price SP. For the calculations,
we assume the same conditions as for the carbon price P holds. Therefore, SP follows a geometric

Brownian motion as well (see eq. 3.2).

Finally, the initially expected volatility of inflation is described by 1;, whereas z illustrates a random

variable from a normal distribution.

Throughout the first section of this chapter, we assume the market prices follow a continuous time
frame which reflects the properties of Black and Scholes (1973). For simulation, we transform equation

(3.3) to the following discrete version (see e.g., Schwartz and Moon, 2000)

— _ _ A 1— —2KAt
Hesar = € KAt#t + (1 —e KM) (.U - %) + }ez—xnt\/AtZ (3.4)

where A represents the risk for the expected rate of growth and z illustrates in this case the standard

random variable from a normal distribution again.

To calculate a system with multiple correlated variables, it is necessary to apply the Cholesky
Decomposition. The objective of applying this procedure is to derive the correlation between the

variables “carbon price”, “inflation” and “share price”. For that, it is necessary to start with a symmetric

correlation matrix described by CM:

1 PcpHcPl  Pcp,sp
CM = | pcp,HCPI 1 PHcp1,sP (3.5)
Pcp,sp PHcPISP 1

Where pycp;sp describes the correlation of inflation and share price, pcp ycp; the correlation of
inflation and carbon price, and p¢p sp the correlation of carbon and share price, respectively. Given

the symmetric asset correlation CM, we can compute a lower diagonal matrix L by:

/ 1 0 0 \
Pcp,HCPI fl - ng,HCPI 0

2

(3.6)

PHCPI,SP—PCP,HCPI'PCP,SP PHCP1,SP—PCP,HCPI'PCP,SP

2
Pcp,sp . 1=pcpsp - [ 2
. / 1=-p¢p HCPI 1=-p¢pHCPI
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The Cholesky Decomposition adjusts independent random variables X by using the lower diagonal
matrix L to receive correlated variables Z = LX. Considered separately, Z creates in this case the

correlated random variables:

Z = (w1, 0y, w3)" (3.7)
Where we define

(1)1 = Z]. (38)

Wy = pcpHcprZl + /1 — pépucpiZ2 (3.9)

as well as

PHCPI,SP—PCP,HCPI'PCP,SP PHCP1,SP—PCP,HCPI'PCP,SP 7
3 .

_ . —_ p2 _
w3 = pcpsp Ly + - Zy+ |1=pipsp .
; f 1=p¢p HCPI ; ’ 1=-p¢pHCPI

(3.10)

To conclude, we have defined the underlying processes of our model and how they are interrelated
with each other. In the next two section we define the properties of the bond pricing and investment

project.
3.2. Bond and coupon pricing
3.2.1. General note on pricing

Our project is assumed to be conducted by a firm that is partially debt-financed using different types
of green bonds as financing instrument. As described above, we analyze a green fixed-rate bond, two
green carbon-linked bonds, a green inflation-linked bond and a green convertible bond which are
defined in the next sections. In order to specify the payoff structures of these bond types, we derive
their general pricing equations. Before we define their individual properties, several principles can be
outlined that are applicable for all bond types. We assume that the bonds have pre-determined time
to maturity Tg and are redeemed at maturity. Moreover, they have face value FV and regular coupon
payments c(, that arise in every Ac-period. In addition to this, following assumptions applied in the

model setup based on the framework of Ingersoll Jr (1977):

1. Bondholders have the preference to maximize their wealth.
2. Existence of perfect capital markets without any transaction costs or taxes.

3. Allinvestors are informed equally and no existence of arbitrage.
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4. Stockholders do not receive any dividends.

5. No existence of corporate taxes.

To make our model more comparable, all five bond types are priced on par at issuance, i.e., the fair
present value Dy = FV. To obtain D, of each bond we discount future payoffs under the measure Q

with the risk-free rate Tr:

T
D. = ZN=A—‘§ i AEFV FV
0 i=1 (1+rf)l'At (1+T'f)TB

(3.11)

where c(); comprises the fixed and the carbon-linked coupons at any payment date. Note that to
isolate the underlying incentive problem depicted by the bond types, we abstract from the risk of
default, i.e. bondholders only face the risk of changing coupons.

Finally, we refrain from including default risk in the pricing equation as our model is focused on
whether changing bond designs set different incentives to invest in emission-reducing project. This
simplification gives us the ability to derive a concept rather than focus on individual default risk and

thus focus on the key question of this paper.

3.2.2. Pricing of (green) fixed-rate bonds

The fixed-rate bond follows a simple structure of paying a constant coupon in each period which is
denoted by ¢y, At maturity the bond is redeemed at a face value of FV' = 100. This structure follows
most of the green bonds currently in the market and is similar to the structure of many conventional

bonds.

3.2.3. Pricing of (green) carbon-linked bond

The two carbon-linked bonds follow the idea of index-linked bonds such as inflation or commodity-
linked bonds. In general, these bonds occur in two different designs: Either the principal payment is
adjusted in dependence on the underlying index or the coupon payments may change. In this article,
we analyze the latter type where the coupon function is linked to the absolute carbon price in
incremental steps (“C-linker”). We chose an interval-based coupon structure which is inspired by step-
up and step-down bonds applied in the conventional bond market as described by Koziol and Lawrenz

(2010), to avoid large fluctuations due to relative changes in the carbon price from one year to another.
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For the first carbon-linked bond, we assume that the coupons increase when the carbon prices

increase. Thus, we denote coupons of that bond at any payment date i with

1
Cup,i' P < V1

2
; <
Cup,i={c’;p'“y1 =P<y (3.12)
Cup,ir Y2 = P<y;

where coupon levels satisfy cip,i < cﬁp,i < .-+ c2 and y4, Y, ... describe critical coupon boundaries in
ascending order. For the second carbon-linked bond, we assume an inverse relationship meaning that
the coupons decrease when the carbon price increases.
1
( Cdown,i' P < V1

Céown,i'yl SP< Y2 (3.13)
I Cgown,i’yZ sP< Y3

\

Thus, cqown, the bond’s coupon payoff function, is congruent to Equation (3.5) but with céown_i >

Cdown,i:

2
Cdown,i e

3.2.4. Pricing (green) inflation-linked bond

Next, we define the properties of the green inflation-linked bond. The coupon consists of two
components: a constant interest rate cit;;, and an index ratio ciry;. The constant rate is multiplied by
the index ratio to account for the inflation adjustment. The index ratio follows the development of an
inflation index inf. This index could be the Harmonized Consumer Price Index (HCPI) of the EU but
other indices could be similarly applied. For the sake of simplicity, we assume that the index ratio is
not subject to indexation lags which is the difference between the publication of inflation data and the
time when it is reflected in the index ratio. In addition, we assume that each month has an equal
amount of days and thus do not adjust the calculation accordingly. This gives us following formula for

the applied index ratio ciry; :

ciry, = (infeur—infiss)+infiss | 100 (3.14)

infiss

where inf,,, stands for the current inflation rate (at time of coupon payment) and inf;;; denotes the
inflation rate at issuance. Therefore, the formula for the coupon of the green inflation-linked bond
takes the form:

CiL = FV - CitIL ' CiT‘IL (3.15)
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where ¢;; stands for the coupon payment of the green inflation-linked bond. At maturity, the

redemption payment will be adjusted by inflation using the index ratio and yielding the equation:

re; = F]/IL ) CiT‘IL (316)

The above-described design follows the structure of the bonds issued by Orsted (Orsted, 2019) and
the French Treasury (French-Treasury, 2022) except for the simplification of indexation lags and days

per month.

3.2.5. Pricing of (green) convertible bonds
As already illustrated in section 2.5., convertible bonds tend to appear ubiquitous in their hybrid nature
because investors are able to trade the asset against the firm’s stock, so that a direct exchange
between debt and equity coexists (e.g. Xiao, 2013; Ballotta and Kyriakou 2015). The bond’s structure
is inspired by NEOEN (ISIN Code: FR0011675362). Unless the bondholder makes use of a previous
conversion, the convertible bond can either be redeemed at par or converted at maturity 7. To
generate a model setup for convertible bonds, the following assumptions, following Ingersoll Jr (1977),
are necessary:
1. All terms considering the conversion of the convertible bond remain constant
over the whole time.
1. The bondholder needs to submit their claims for the conversion right after the
convertible bond has been called.
2. Asbondholders are willing to maximize wealth, the bond will be converted to
stocks in case stocks are higher than the face value of the bond at maturity (t = T).
3. The stock price development follows a geometric Brownian Motion, so
equation (3.1) holds.
For the underlying setup, we choose a convertible bond at time t = 0 with a maturity date of T > 0,
a face value of FVV > 0 which is solely repaid at maturity T. The chosen coupon has the amount of
c0),i > 0, is paid at certain payment dates t; = i6, wherei = 1,2,...,N and where § illustrates the
time intervals between the coupons. For simplicity, we assume that all coupon payments are paid
equally to the time interval §. The bondholder is granted to exchange the bond into a predetermined
number of k > 0 shares of the stock of the issuing firm after maturity T, whereas the element k
denotes the number of shares that can be received at after the bond conversion. Contingent upon
conversion, the bondholder obtains a certain conversion value

named CV of

cv =e (3.17)
CP
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where FV, describes the face value of the convertible and CP the conversion price.

According to Ingersoll Jr (1977),

y= ﬁ (3.18)
illustrates the dilution factor y which describes the fraction of the outstanding stocks N that can be
exchanged by each investor for the amount of n which represents the amount of receivable convertible
bonds. In case the value of the bond is lower than the conversion value, investors use the option to

convert. To specify this option, we use the conversion condition by Brennan and Schwartz (1980) with

the following equation

CV(V,r,t) =y(V —aNV,rt). (3.19)

The market value of the firm is expressed by V, whereas CV describes the conversion value. CV is
under dependence of the total firm value IV and the current interest r at time t . CV needs to be greater
or equal to the total shares of each convertible bond after conversion (y). The convertible bond after
conversion yresults from the subtraction of the current market value of the firm V and the number of
outstanding convertible bonds n multiplied with the outstanding stocks N under the same condition
as CV holds. Besides the NEOEN green convertible bond, especially the convertible market in the U.S.
enables bondholders to give their bond back to the issuer at a certain amount and before the bond
matures (t = T). This is often the face value plus interests (Kovalov and Linetsky, 2008). Albeit there
are common conversion strategies, convertible bonds can vary in their execution. In the general setup,
the issuer needs to announce the decision of the call during the call notice period. Is the convertible
once called, the bondholder is required to decide whether the conversion option is exercised at the
end of the call notice period, or if the call price will be directly received (Ballotta and Kyriakou, 2015).
According to our example of the Neon convertible green bond, the bond can be redeemed at maturity
T at the option of the company (NEOEN, 2022). In order to redeem the bond prior to maturity T, the
call condition according to Brennan and Schwartz (1980) holds

CV(V,r,t) < CP(t) (3.20)
where CP(t) denotes the price of the convertible bond that is callable at time t. Therefore, if the
callable price CP is larger or equal to the conversion value under dependencies of bond values V , r,

and t, the call strategy becomes effective.

3.3. Impact on investment decision
In line with the green bond principles, the proceeds are invested in a climate-friendly project. The
project has the objective to reduce CO, emissions and thus save CO; certificates which would

otherwise have to be bought by the copay. We assume that there is no other financial return despite
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from saving CO; certificates. We have chosen this specific setup to analyze how different green bond
structures encourage investors to finance emission-reducing projects. Further, we assume that the
project is not at risk of not reaching the aspired reduction of CO; certificates (e.g., due to unforeseen
technical difficulties). In addition to this, we do not implement a ramp up or construction phase in the
project setting but assume that the CO; savings remain constant from the start of the project. To start
the project, initial investments are required in the amount of the proceeds from the bond thus
assuming Iy, = FV. In addition to the initial investment, operating cost amounting to Cp, are
required in each period. As stated above, the return is solely driven by the carbon reduction and the
reduction coincides with the investment. The project cannot be stopped after the initial investment
and hence operating cost occur irrespective of the development of the carbon price. We define the
number of saved CO; certificates as X and keep it constant in every At-periods over the lifetime of the
project given by Ty, As a result, the return is solely driven by the development of the carbon price in
the market. We denote the payoffs of the project as CF and define j as the different points of time.

Thus, the payoffs follow the form:

X(Pj = Cpro) = €(),jFV,tpro < Jj < Tp
CF(y; = SX(P; = Cpro) = (L + ¢y JFV, tpyro < j = Tg (3.21)
X(P; = Coro)r toro < Tp < Jj < tyro + Toro

To further simplify, we assume that before has been started cashflows equal to zero. Hence, we
assume that the coupon payments are offset by reinvesting the bond proceeds at the market rate.
Under the assumptions described above, the firm chooses an optimal starting point given the carbon
price level. As a result, the described investment project follows a classic investment optimization
problem. The firm chooses the boundary to maximize the Net Present Value (NPV) of the project

and we denote it as bE). This leaves us with the value maximizing function described by:

M=typro+Tpro CF();

max NPVpro() = nl‘Jl*aXZ. (3.22)
(6] ©

J=tpro (1+ Tf)j
Equation (3.22) states a classic optimal stopping time application, where t,., = inf{t € [0,Tg]: P, =

by}

4. Simulation-based implementation
After setting up the model, we specify the key parameters used in the simulation. To do so, table 4 lists
the key parameters chosen and its respective levels for the first simulation. In addition, we have

highlighted the parameters which are changed additional simulation to test the sensitivities.
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Table 4: Parameter setting — Table shows key parameters for simulation and corresponding symbol.
Column “(starting) value” represents the values chosen for the first simulation. Column “changed”
shows which parameters are changed in subsequent simulations and which remain the same over all
simulations

Parameter Symbol (Starting) Changed
value

Initial carbon price Py 20

Risk-free rate T¥ 0.02

Time to maturity of the bond Ty 10

Time to maturity of the project Tp 10

Time steps in simulation A, 1

Project cost per A; Cpro 22

Number of simulation paths n 50,000

Volatility of changes in carbon price Ocp 0.35 v

Volatility of inflation o 0.1 v

Volatility of share price Ogp 0.25 v

Correlation of inflation and carbon price Pcp.HCPI 0.23 v

Correlation of inflation & share price PHCPISP 0.1 v

Correlation of carbon price & share price Pcp.sp 0.2 v

We assume a carbon price is denoted by P, of 20 per certificate which reflects a price observed in the
earlier days of the EU ETS system. As our model strives to derive a universally applicable method, we
believe that the price of 20 is realistic despite a carbon price which is currently trading at higher levels.
In addition to that, we set the risk-free rate to 2%. Both the bond and the project have maturity of ten
periods (denoted by Ty and Tp respectively) and each time step in our simulation equals one. As
outlined above, we assume that our project requires operating cost which amount to 22 per period
and are denoted by c¢,,,. Our simulation generated n = 50,000 paths for the model. Our models
underlying processes are based on carbon price, inflation and share price development. Thus, we need
to define both the volatility of their individual development but also how they are correlated with each
other. In the later part of this section we will present sensitivities of the model changing volatility and
correlation. With the exemption of the correlation between carbon prices and inflation (pcp ycpy), all
correlations and volatilities are not derived from historic data. Analyzing the historic European inflation

data (HCPI) and carbon prices (EUA), we derive a correlation a value of p¢p ycp; = 0.23.
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Before we can discuss the results of the model, we need to introduce the derived coupons for the
different bond types. As mentioned above, we calibrated the bonds to have a face value of 100 and
thus be comparable. Starting with the fixed rate, we assume a fixed coupon payment amounting to 2%
until the time of maturity.

For the carbon-linked bond, we have introduced a structure similar to “step-up/step-down bonds”. We
derive intervals by setting the number of step-ups/step-downs to Ngteps = 7. We set the difference
between the two neighboring intervals to 1% — pt. and iteratively change c; to derive the required face

value. Table 5 displays the resulting coupon structure.

Table 5: Carbon-linked bond coupon structure — Coupon levels applied in simulation depending on
carbon price. Respective intervals calibrated to reach Face Value of 100.

Bond parameters Coupon for Coupon for
CP-linked up bond CP-linked down bond

¢; for pegrp< 10 0.0069 0.0331

¢y for 10 £ pegrp< 25 0.0169 0.0231

c3 for 25 < pegrp< 40 0.0269 0.0131

c, for40 < pegrp< 55 0.0369 -0.0069

s for 55 < pegrp< 70 0.0469 -0.0069

¢ for 70 < poarp< 85 0.0469 -0.0169

¢y for pearp 2 85 0.0569 -0.0269

The third bond structure we have introduced are green inflation-linked bonds. As described in section
3.2.3 we model a quasi-direct relationship to inflation. Thus, it is not possible to illustrate a similar
table with coupon structures for inflation-linked bonds. Still, as described in the formula ¢;;, = FV -
city; - ciry, , the coupon payment of the inflation-linked bond is based on a fixed coupon multiplied
with an index that changes according to the inflation. Applying the same logic as for the carbon-linked
bonds, we calibrate cit;; to generate a face value equal 100. This yields us cit;; = 0.01411.

Finally, to generate the coupon payment of the green convertible bond, we apply the same procedure
which yields a coupon of c;on = 0.01279.

As outlined above, we compare the NPV and barrier of the different bonds to analyze their
performance. Our results indicate that only the green carbon-linked bond with an inversed coupon

structure compared to the carbon price development outperforms the green fixed rate bonds. The
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green-carbon linked bond reaches an NPV of 59.96 which is 3.8% or 2.21 points higher than the green-
fixed rate bond. In addition to this, the project is started at a carbon price level of 24 both for the

green-fixed rate bond and the green carbon-linked down bond.

Table 6: Results — The table depicts the simulation results based on the specifications in table 4. The
volatility of changes in carbon price (o), correlation of inflation and carbon price (p), optimal barrier
b(,, and corresponding NPV for both financing choices under changing volatility. All other parameters
as defined in Table 4.

Green Green CP-linked Green CP-linked Green inflation- Green
fixed bond up bond down bond linked Bond convertible bond

NPV Barrier | NPV Barrier | NPV Barrier | NPV Barrier | NPV Barrier

57.75 24 55.66 28 59.96 24 57.11 28 56.82 28

Figure 1: Results — Graph shows the NPV on the y-axis and investment barrier on the x-axis. All five
bonds designs are illustrated here comprising the curved lines. The straight lines from the curve to the
x-axis should illustrate the investment barrier. There are only two investment barrier which are 24 and
28 in our results. In order to increase the readability of the graph we have slightly staggered the lines
but they are at the same point (either 24 or 28).
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The results are illustrated in figure 1 which shows that the green carbon-linked down bond has the
highest NPV and the lowest investment barrier. The green fixed-rate bond comes with the same
investment barrier but with a lower NPV. All other bond designs have an investment barrier of 28 and
slightly different NPVs that are all lower than the green carbon-linked down bond and the green fixed-
rate bond.

In order to interpret the results, we recall our initial research objective which is to investigate whether

there are green bond designs that set incentives for a firm to implement emission-reducing projects.
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As stated above, the results of the model indicate that the green carbon-linked bond with an inversed
coupon structure yields the highest NPV. Still, before concluding about whether it sets the right
incentives, we need to discuss what the design implies for both the issuer (firm invests in the emission-
reducing project) and the investor which buys the green bond from the issuer. From an issuer point of
view, the selection of the green carbon-linked down bond has the implication that it would end up
paying lower coupons to the investor as the carbon price increases. Thus, the incentive alighment is
fulfilled, and the issuer enjoys two benefits.

Firstly, it lowers the funding cost when the carbon price increases. Secondly, it does not suffer from
the increased carbon price regarding the need to buy (expensive) CO, certificates, but saves (partly)
the certificates due to the emission-reducing project. Assuming that the investor also has the objective
to contribute to the reduction of carbon emission, it would accept a lower coupon when carbon prices
are increasing in exchange for reduction of CO, emissions. Summarizing, the green carbon-linked bond
with an inversed coupon structure could be a design to promote the reduction of CO, emissions by
aligning the incentives of both issuer and investor. Coming back to the idea of putting a price on carbon
which is to price the “social cost” of carbon, one can argue that an increasing carbon price signals
increasing social cost and thus more pressing need to reduce carbon emissions which would be
incentivized with the setting above.

In order to test the results of the first specification of the model, we run several sensitivity analyses.
The modified variables in this analysis are volatility o and correlation p. For this, we change the values
for the volatility of the carbon price o, the volatility of inflation o; as well as the volatility of share
price agp. Together with the volatilities, we add the correlations of inflation and carbon price pcp ycpr,
the correlation of inflation and share price pycp; sp as well as the correlation of carbon and share price
Pcp,sp (see table 7). Before we come to the results, we briefly explain the applied changes in the
parameters of the model. In the first three sensitivities we stick to the volatilities of the original setting
and only change the correlations. In the second sensitivity, we reduce the correlations of all three
combinations. In the third sensitivity, we increase the correlation of inflation and carbon (pcp ucpi) as
well as the correlation of carbon and share prices (pcp sp). Moreover, we assume that the inflation
and share price have a negative correlation (pycp;sp). In the third sensitivity, we increase the
correlation of inflation and carbon price (pycp; sp) while keeping the rest almost constant. In the final
two sensitivities we assume that the correlations take the value of the original setting and only change
the volatilities. In the fourth sensitivity, we decrease the volatility of all three processes. Finally, in the
last sensitivity, we again slightly increase the volatilities of all three processes but keep it below the
original setting. While the NPVs fluctuate along the different sensitivities, the results of the original
setting are confirmed which is that the carbon-linked down bond yields the highest NPV followed by
the fixed-rate bond. This holds for all applied sensitives and is shown in table 7.
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Volatility Correlation Fixed rate CP-linked CP-linked Inflation - Convertible
up down linked

Model

. Op | o; | agp |PCP | PHCPI| PCP, NPV |BR | NPV |BR | NPV |BR NPV | BR NPV | BR
version

HCPI SP SP

Original | 0.35 ' 0.1 0.25 (023 '0.1 0.2 57.75 | 24 55.66 | 28 59.96 24 57.11 ' 28 56.82 ' 28

Sensi 1 035 '0.1 0.25 | 0.1 0.05 '0.05 5990 '24 57.71 ' 25 62.10 ' 24 59.55 ' 24 59.02 ' 24

Sensi 2 035 '0.1 0.25 | 0.3 -0.05 ' 0.15 |58.30'24 56.16 | 27 60.50 ' 24 57.44 ' 27 57.11 ' 27

Sensi 3 035 '0.1 0.25 |04 -0.1 0.1 59.35 ' 28 57.32 128 61.38 | 28 58.35 ' 28 58.48 ' 28

Sensi 4 0.15 '0.05 '0.15 |[0.23 '01 0.2 16.59 ' 9 15.78 ' 9 1742 8 15.64 ' 10 16.33 ' 9

Sensi 5 025 '0.25 '0.25 [ 0.23 '01 0.2 38.87 | 18 37.31 118 40.49 ' 16 37.63 ' 18 37.88 | 18

Table 7: Sensitivities - Table shows the results of the simulation using different specifications. Volatility of changes in carbon price
(ocp), inflation (0;) and share price (osp) are modified. Furthermore, correlation of inflation and carbon price (p¢p ncpi), inflation and
share price (p ycpr sp) and share price and carbon price (p¢p sp) are adjusted. Original version corresponds to specification and results
as in table 6. BR stands for the barrier (carbon price level).
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5. Conclusion

Using a simulation-based approach, we have analyzed whether different green designs set superior
incentives to invest in emission-reducing projects. To do so, we have examined five different green
bond designs from traditional fixed-rate bonds to convertible bonds. We understand the incentive as
the resulting NPV of the project and assume that the issuer would choose the bond leading to the
highest NPV. In addition, the starting time of the project tells us which bond is the best suited to
accelerate investments in emission-reducing projects. Thus, our analysis helps to understand whether
there are specific bond designs that might be used as (more) effective debt-financing instruments to
narrow the financing gap in fighting climate change. To the best of our knowledge, it is the first paper
evaluating the return of an emission-reducing project financed by green bonds.

Our analysis holds various important implications for bond issuers in general, policy recommendations
to finance actions against climate change, and for future research.

Our key finding is that most complex green bond designs do not set superior incentives compared to
the traditional fixed-rated bond design. We have discovered one exemption here which are green
carbon-linked bonds with inversed coupon structure compared to the carbon price development.
This finding is remarkable due to two reasons. First, green carbon-linked bonds have not seen a surge
compared to other green bond types such as the fixed-rated or convertible green bonds. Thus, we see
potential to revitalize the market for this specific bond design. Secondly, our finding questions the use
of complex bond designs such as green inflation-linked or green convertible bonds. If their more
complex structures do not set better incentives, there has to be other reasons for their issuance
beyond our analysis framework.

For a policy perspective, our findings question whether complex green bond designs should be
promoted by supranational institutions, governments and initiatives such as the Climate Bond
Initiative as they do not set superior incentives compared to less complex fixed-rate bonds. Still, our
research could motivate institutions such as the World Bank to reboot the issuance of carbon-linked
bonds and take the role of a market-maker similar to the first issuances in 2007 and 2008.

Finally, our paper strives to develop a framework to evaluate different bond structures. We hope that
it is used by other scholars to evaluate different bond designs to find (more) efficient structures to
narrow the financing gap. In addition, we believe that it lays the groundwork for future research paths
described in the later section.

Our findings do not come without limitations. In our simulation, we have modeled carbon price and
inflation along assumptions about their development (i.e. mean reverting process for inflation). Issuers
might operate under different assumptions e.g., predicting a different inflation environment making

the inflation-linked bond more attractive. In addition, we have omitted the default risk as we are
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interested in the incentivization function only. Still, in a real bond issuance default risk needs to be
included to derive the fair value.

One of the most controversial topics around green bonds is the so-called greenium. As of today, there
are no conclusive answers and thus we have not included it in the model. Finally, it is important to
mention that we have replicated the bond design of green bonds that are currently at the market.
While we believe that this provides us with relevant answers, there might be alternative bond designs
that yield other results than the ones presented here. Still, issuers might use inflation-linked bonds to
pursue other purposes which we have not covered here in detail. From the issuer’s point of view, one
might use inflation-linked bonds as an alternative investment for specific investors. This might also
lead to lower financing costs in case the demand for inflation-linked bonds is significantly higher than
the issuance volume. Furthermore, issuers might want to link their interest payment to inflation in
order to balance their overall debt service. Similarly, investors in the bond market might use this to
diversify their portfolio and to hedge against risk of unexpected inflation.

This opens several routes for future research. First, one could investigate whether the hypothesis holds
that green inflation-linked and green convertible bonds attract different type of investors compared
to fixed-rate bonds. In addition, one might apply a qualitative research approach (e.g., structured
interviews) to understand the rationales for investor and issuers. Moreover, empirical research on the
drivers of bond demand could help to better understand the preference of investors and thus optimize
bond structures. In the same vein, scholars might investigate the potential carbon-linked bonds in
terms of portfolio allocation and diversification. As stated above, we see our model as a framework to
evaluate other bond designs and, thus, stimulate scholars to apply it to other structures, e.g., zero-

coupon or commodity-linked bonds.
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