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Abstract
To finance the transition to low-carbon economies required
to mitigate climate change, countries are increasingly using
a combination of carbon pricing and green bonds. This
paper studies the reasoning behind such policy mixes and
the economic interaction effects that result from these
different policy instruments. The paper models these
interactions using an inter-temporal model that proposes
burden sharing between current and future generations.
The issuance of green bonds helps to enable immediate
investment in climate change mitigation and adaptation,
and the bonds would be repaid by future generations in
such a way that those who benefit from reduced future

environmental damage share in the burden of financing the
mitigation efforts undertaken today. The paper examines
the effects of combining green bonds and carbon pricing
in a three-phase model and uses a numerical solution procedure that allows for finite-horizon solutions and phase
changes. The paper shows that green bonds perform better
when they are combined with carbon pricing. The proposed
policy option appears to be politically more feasible than
a green transition based only on carbon pricing, and it is
more prudent for debt sustainability than a green transition
that relies overly on green bonds.
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Introduction

Faced with climate change, countries use both carbon pricing and green bonds to finance their transition
to low-carbon economies. This paper studies the economic interaction effects and the optimal
combination of those two types of climate policies.
Carbon pricing, in the form of carbon taxes or emissions trading schemes, has been used since the 1990s
as an incentive for abating greenhouse gas (GHG) emissions, and since then spread to 461 jurisdictions,
presently raising 43 billion in revenues.2 Green bonds (or climate bonds) represent a more recent
development in the policy toolkit for financing climate change mitigation, adaptation or conservation of
natural capital. First created by the European Investment Bank and the World Bank together with the
Swedish SEB in 2007/2008, green bonds are today issued by government agencies, multilateral
institutions, and private businesses. Despite their exponential uptake since 2011-12 (see figure 1 in section
2), both instruments are still far too small for containing climate change: less than 5 percent of emissions
covered under explicit carbon pricing initiatives is currently priced at a level that would be consistent
with the Paris Agreement;3 and the financing needs for the low-carbon climate-resilient transitions are
estimated in trillions per year rather than the cumulative 500 billion4 issued over the last decade. This
paper therefore reviews the roles of both instruments, and their optimal combination in scaling up
mitigation and adaptation.
The paper is organized as follows. Section 2 reviews theory on the roles and interaction effects of carbon
pricing and green bonds. In Section 3, we theoretically model these interaction effects for two lowcarbon transition scenarios using a new numerical solution method, called nonlinear modeling predictive
control (NMPC). Section 4 concludes. We find that there are strong synergies from combining green
bonds with carbon pricing for sustainability outcomes, investor returns and debt sustainability. These
synergies are stronger if carbon is priced through taxes than through emissions trading.
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Combining Carbon Pricing and Green Bonds

The fundamental purpose of carbon pricing is to make consumers and producers of polluting goods take
into account the costs imposed by this pollution on society as a whole. Carbon pricing policies, such as
carbon taxes or emissions trading systems (ETS), can also be used in addition to green bonds to achieve
both greater environmental effectiveness and lower overall cost of mitigation. Here, we review the
efficiency benefits from including such carbon pricing in a joint policy with green bonds.
1Counting

both countries that have already implemented carbon taxes or emissions trading systems and countries where
implementation plans are far advanced, based on (World Bank 2019a).
2Ibid.
3World Bank (2019a).
4World Bank (2018).
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Role of carbon pricing
"A well-designed carbon price is an indispensable part of a strategy for reducing emissions in an efficient
way” (Stiglitz et al. 2017). A root motivation for cost internalization is that economic markets require
all exchanges in the economy to be voluntary, between freely consenting trade partners. Third parties
must not be forced to pay for external costs arising from transactions. Market economies are meant to
reward those who create net value, rather than those who merely redistribute value in zero-sum or
negative-sum games. When the production of a good causes pollution, the costs of that pollution must,
therefore, be paid by those taking the decision to produce and consume the product, rather than by
unrelated third parties. Otherwise, producers and consumers can forcibly redistribute welfare from those
third parties to themselves. Without bearing the full costs of their actions, such producers and consumers
have an incentive to carry out transactions even when those transactions cause net harm to society after
factoring in the external costs borne by their victims. To safeguard the core principles of liberty and net
value creation, economic agents must, therefore, bear the full costs of their own actions. Pricing carbon
emissions contributes to this “cost internalization.” Unlike carbon pricing, green bonds do not provide
the needed marginal incentives for private decision makers to optimally factor carbon costs into their
decision making.
Carbon pricing, and in particular carbon taxation, also has advantages for mitigating climate change in
countries with a risk of "government failure". When a government issues green bonds to finance a
mitigation project, it needs to have good information about both the social costs and benefits of the
project. The government also needs the institutional capacity for project implementation, despite
potential corruption risk or a scarcity of public officials with the required technical knowledge. With
carbon taxation, by contrast, the government does not need to have detailed information about costs and
benefits of mitigation projects, but only about the marginal social cost of emissions (Posner 1992). After
the government fixes the rate of a carbon tax to match this cost, the private sector determines in a
decentralized process which mitigation projects carry the greatest private benefits per tonne of carbon
reduced. Carbon taxation is also relatively simple to implement in countries with high corruption risk or
low institutional capacity (Bento et al. 2018, Liu 2013, Markandya et al. 2013). This is because the
government does not need to be able to observe where fuels are burned in the economy in order to price
these emissions efficiently; carbon prices can instead be imposed "upstream" on the carbon content of
fuels. The number of pipelines, mine mouths, and ports at which fuels enter the economy is much lower
than the number of chimneys or mitigation projects to oversee. The government can accordingly
concentrate its supervision over a small number of officials who impose a carbon price at a few fuel
entry points to the economy, and all subsequent activities using these fuels are covered by the climate
policy. It is then private trade partners who pass the carbon price signal through the market, to remote
regions, to informal activities, to all industries. Each private agent has an incentive to fully enforce the
price signal with their transaction partners, given the private incentive to pass on a tax incident. The
public policy thus benefits from voluntary private enforcers where it lacks public ones.
3

As a by-product of its environmental role, carbon taxation or emissions trading systems with auctioned
permits generate public revenues. This way climate policy can be designed so that it benefits not only
future generations but also current ones. Using carbon revenues to reduce other taxes (such as labor taxes
or social security contributions) can create net benefits in the welfare of current generations, in particular
in developing countries (Heine and Black 2019, Coste et al 2019, Bento et al 2018, Parry et al 2015).
Carbon taxes can be effective for domestic resource mobilization, e.g. to finance green transitions or
budget consolidations. This is because all fuel-related carbon emissions can be taxed at a few upstream
choke-points, and cover the informal sector, whereas direct taxes (the counterfactual revenue source in
many countries) need to be collected from a vast number of individuals and struggle in covering the
informal sector of economies.
Role of green bonds
In principle, the needed financing for a low-carbon transition could be met entirely from pricing
externalities. The IMF estimates that the gap between the present taxation of fossil fuels and the level of
taxation justified by external costs amounts to more than 5 trillion USD per year,5 which is well in excess
of estimated financing needs to contain global warming.6 However, there are efficiency, political and
equity arguments to use a combination of policy instruments.
Despite its potential, the present level of carbon pricing is completely insufficient to meet mitigation
needs. "Apart from some modest steps forward in a couple of countries, there is little evidence of better
use of taxes on energy use to address the mounting global environmental and climate challenges. Instead,
real tax rates are gradually eroded by inflation in most countries, suggesting indifference to the
environmental efficacy of taxes" (OECD 2018). Unless a breakthrough in fiscal policy can be achieved,7
additional financing sources for mitigation, such as green bonds, are indispensable. Therefore, also
Finance Ministers and Central Bank Governors that embrace carbon pricing equally call for stepping up
green finance instruments.8
An efficiency case to go beyond carbon pricing arises due to the multiple market failures hampering a
low-carbon transition (Acemoglu et al. 2012, Grubb et al. 2014). The green technology revolution will
5See

Lagarde and Gaspar (2019) which is based on Coady et al (2019) and Parry et al (2014).
International Energy Agency projects that limiting the temperature rise to 2°C demands a tripling of annual low-carbon
investment, to USD 790 billion by 2035 (IEA 2014). King et al. (2015) estimate “a minimum acceptable scale” for financing
R&D in renewable energies at USD 1.5 trillion in the next decade.
7Two recent unprecedented decisions do suggest that climate change is entering a new era of mainstreaming into fiscal policy:
the IMF Board’s decision on carbon pricing and the inclusion of climate-fiscal policy in macroeconomic surveillance (IMF
2019), and the commitment by the new Coalition of Finance Ministers for Climate Action to jointly "work towards measures
that result in effective carbon pricing" (World Bank 2019b).
8See the commitment of the new Coalition of Finance Ministers for Climate Action to "mobilize private sources of climate
finance by facilitating investments and the development of a financial sector which supports climate mitigation and adaptation"
(World Bank 2019b), the central banks’ actions in the Network for Greening the Financial System, and the European
Commission’s Action Plan on Financing Sustainable Growth.
6The
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Figure 1: Both carbon pricing policies and the issuance of green bonds have grown significantly since
1990 (Climate Bonds Initiative 2019), World Bank 2019a), but are still severely insufficient for
containing climate change. Data for green bonds is available up until June 2019 and interpolated for the
full year. From 2010 to 2018, the European Union (33.4%), China (14%), Multilateral Organizations
(13.7%), and the United States (12%, excluding US municipalities bonds) were the world largest green
bond’s issuers (Bloomberg Green Bonds Database).
require investment across the innovation chain similar to that observed in the information and
communication technology revolution (Mazzucato 2015, Norberg-Bohm 2000). Public investments
must play a pivotal role in this change, to actively create low-carbon climate-resilient markets
(Mazzucato 2016, Hallegatte et al. 2013). This "market-shaping" rather than "market-fixing" role for
public finance is suggested both from evaluations of past large-scale technological transitions
(Mazzucato 2013) and from assessments of the role of public finance in developing segments of the
renewable energies market that have high potential returns but also high risk and where evidence
suggests that public finance crowds in private finance and creates new markets (Mazzucato and
Semieniuk 2017, 2018a). Green bonds offer a potential financing source for this public and private
investment need.
Green bonds can equally help finance adaptation to climate change impacts. A carbon tax provides
mitigation incentives; it only indirectly reduces the vulnerability of the economy to climate change, and
it does not compensate victims. Addressing these additional challenges requires public and private
expenditures. When deployed together, multiple policy levers can create a stable and consistent direction
for long-term green investment and innovation (Mazzucato and McPherson, 2018, Mazzucato and
Semieniuk, 2018b). Green bonds can cater to adaptation projects, although the vast majority is currently
used for mitigation.9
9The

Climate Bonds Initiative (2017) finds that only 5% of the volume leveraged through green bonds by April 2016 were
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In addition to economic efficiency, combining carbon pricing with green bonds is more politically
feasible. The introduction of carbon pricing continues to be far too slow to meet the internationallyagreed objective of limiting climate change to well below 2°C, and this delayed policy action causes
significant economic harm. Stabilizing the climate later is dramatically more expensive than it would be
earlier. If a sufficient level of carbon pricing is currently politically unattainable, it is better to use secondbest policy instruments than to do too little too late. Where policy makers shy away from incurring shortterm costs for long-term gains, bonds could make climate policy incentive-compatible by shifting some
of the costs of today’s climate policy into the future (Sachs 2015).
Such a shift reduces problems of intergenerational equity. Climate policy invariably involves intergenerational transfers; the mitigation of emissions today benefits future generations. The current
generation may then wish to let future generations share in the cost of today’s efforts. Green bonds,
especially government issuances with longer maturities, are an instrument for achieving such burdensharing when they are used to finance today’s mitigation actions and are repaid by future generations.
Such burden-sharing is Pareto superior to a business-as-usual scenario with insufficient mitigation today
(Sachs 2015, Orlov et al. 2018).
Notwithstanding these potential benefits, the use of green bonds can be problematic in countries with
existing high public or private debt. Debt levels are rising in many low-income countries (Essl et al.
2019), and in such circumstances it is optimal for climate policy to be financed by taxation or budget
reallocation instead of deficit spending (Forni et al. 2019). However, the greatest mitigation effort should
be borne by the largest carbon emitters, which are mostly high and middle-income countries that have
already issued green bonds.10 And public debt levels are presently a smaller concern in that income
group (Blanchard 2019), suggesting that for countries with sufficient fiscal space, green bonds might
help improve the climate policy mix.
The relation of green bonds to debt levels also depends on their cost relative to traditional bonds. A
critique has been that green bonds may be more expensive than conventional bonds and thus raise debt.
But this finding may be driven by sample selection bias. To evaluate climate financing strategies, it is
important to control for the types of investment projects and investor characteristics when comparing
yields of green and vanilla bonds. The relevant point of comparison for a country which is considering
the use of green bonds for financing climate projects is the yield of vanilla bonds that are used in financing
these same climate projects, and not the yield of conventional bonds averaged across the broader market.
With these controls, green bonds are paying lower yields (Flammer 2018; Baker at al. 2018; Karpf and
Mandel, 2018, Partridge and Medda, 2018). So, given that a country is seeking to finance investments
in its climate transition, green bonds appear cheaper than vanilla bonds. There is also evidence that the
act of certifying a green bond through a third party reduces its yield (Bachelet et al. 2019) and that
invested in adaptation projects. The authors also analyze the Bloomberg Green Bonds Database and find that only 2% of the
certified issuers (from 2010 to 2018) declared that the volume leveraged should be used only for adaptation projects. The
expected use of proceeds of each certified green bond is published by a third-party report at the time of issuance.
10Among the largest emitters, the Russian Federation was the last country to enter the green bond market in January 2019.
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multilateral organizations and some governments are able to de-risk green bonds and reduce capital costs
for green investments (Braga and Semmler, 2019).
Another motivation for public and private agents to issue green bonds is the diversification of their
investor base. With recent investor declarations,11 there is a perception that demand for green bonds
currently exceeds supply,12 and some evidence that green bonds helped sovereigns attract new investors
who had not previously invested in those countries.13
Lastly, green bonds have a communications role. Many sovereigns and corporates have made long-term
climate commitments. Issuing green bonds can help signal that these commitments are more than cheap
talk. But so can (implicit) carbon pricing.
Interaction effects of carbon pricing and green bonds
When carbon pricing and green bonds are implemented jointly, they have interaction effects, which vary
depending on the type of carbon pricing used. Two major options are available for implementing carbon
pricing: ETS and taxes. Much literature analyzes their respective advantages; here we focus only on
these interaction effects.
Green bonds are more successful when climate change mitigation projects have higher private returns.
These returns rise with carbon pricing, which creates a level playing field for low-carbon investments
over high-carbon alternatives, by ensuring that the social cost of pollution is factored into private costs
of production. Thus, a sufficiently high CO2 price supports the successful market introduction of green
bonds. Climate bonds are only partly an alternative to carbon pricing if they require carbon pricing for
their market success. However, if carbon pricing takes off, we can expect green bonds to thrive as well.
The interaction effect between the value of green bonds and carbon prices is more ambiguous for ETS
than for carbon taxes. An ETS puts a cap on emissions, and emissions leakage can occur when green
bonds finance climate change mitigation projects for industries covered by the cap. Mitigation achieved
through bonds reduces the scarcity of emissions permits under the cap, reducing the price of those permits
11The United Nation‘s “Principle for Responsible Investment”, the “Climate Action 100+”, and the “Investor Group on Climate

Change” (IGCC) respectively have been adopted by 2,200, 42, and 170 investors which own or manage USD 80 trillion, USD
33.6 trillion, and USD 26 trillion in assets.
12A recent survey with 540 large investors reported that only 14% of them believed that current supply of ESG fixed income
products is sufficient for the market, and that only 6.6% are satisfied with the current bond market penetration of ESG
disclosures (RBC Global Assessment Management 2018).
13Given that green bonds attract new socially responsible investors and asset managers, several issuers report the diversification
of their investors base as a benefit of this type of security (OECD 2017, GIZ 2018). We can also observe this benefit for some
governments and sovereign bond issuers (Climate Bonds Initiative 2018). Poland, for instance, issued its first sovereign green
bond in 2016 and reported that around 61% of the investors were green investors, most of them new to the Poland market.
France issued a green bond on January 2017 and foreign investors accounted for 63% of the volume issued, while the nonresident holders have a share of only 55% in the total French government debt (Moody’s 2018). At the local level, the State
of Massachusetts in the United States (World Bank 2015) and the Transport for London in the United Kingdom (Climate
Bonds Initiative 2016) also attracted new green individual investors for their base. Green bonds appear to be attracting new
long-term oriented investors that value environmental issues (Flammer 2018) and are a diversification opportunity for
investors that currently rely on equity and energy assets, as those co-move weakly with the green bonds market (Reboredo
2018).
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Figure 2: The use of carbon pricing (top) and green bonds (bottom) has evolved with similar spatial
distributions. Countries are increasingly using both instruments jointly to finance their low-carbon
transitions. Data sources: World Bank (2019a), Bloomberg Green Bonds Database.
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and thereby allowing the displacement of emissions rather than their net reduction. To prevent this, the
emissions cap should be tightened when green bonds are introduced, but those adjustments may be
politically impossible precisely in situations where green bonds are sought. If green bonds are introduced
as a second-best policy to fill the gap left by political opposition to serious carbon pricing, the same
political opposition may prevent an adjustment in emissions caps.
The introduction of green bonds might break the political gridlock by creating new vested interests.
Green bond holders have an interest in tightening ETS caps. Current lobbying by industries to loosen
emissions caps could then be counterbalanced by new lobbying from these investors. By that reading,
the creation of green bonds could both weaken and strengthen ETS. With a carbon tax, these outcomes
are clearer. As the tax rate is more stable irrespective of the deployment of green bonds, the risk that
green bonds and carbon taxes will undermine each other diminishes.
Another interaction effect between green bonds and carbon prices works through price volatility. As for
other bonds, green investment projects can more easily attract green bond financing if returns on
investment are less volatile (Gevorkyan et al. 2017). As the returns for green investment projects depend
on carbon prices, a more stable carbon price also creates a more stable return on investment and
accordingly greater demand for green bonds. Therefore, green bonds generally work better alongside
carbon taxes than emissions trading schemes, because carbon taxes lock in a stable carbon price whereas
ETS prices around the world have been very volatile.

3

Three Scenarios for the Climate Policy Mix

In this section, we model options for financing the green transition with carbon taxation, green bonds or
no policy. The solution procedure that we use in this modeling is called “nonlinear model predictive
control” (NMPC). As described in Gruene et al. (2015), this procedure allows solving models with finite
time decision horizons, avoids the information requirements of infinite horizon models, allows for
limited-information agents, and permits changes of stages and regimes in model variants. It also
resembles human decision-making based on short-term interests instead of optimization over the long
run or infinite horizon.14
Scenario 1 presents business-as-usual (BAU).15 In this case, no attempt is made toward mitigation, and
14In

our modeling procedure, we pursue simplified versions. We want to elaborate on transparent and simple scenarios and
policy options, and thus we will abstain from detailed functional specifications and calibrations, as, for example, undertaken
in the Nordhaus DICE model. For a detailed specification and calibration of the Nordhaus DICE model, and its solution using
an advanced numerical solution, through NMPC, see Weller et al. (2015), Kellet et al (2018), and Nordhaus (2008), and Orlov
et al (2018) who use GAMS. In our more stylized model variants, we have reduced the dimensions of the mode and simplified
the CO2 emissions process, the mitigation effort, and the damage function. In characterizing different policy options, we keep
our model variant simple and transparent, and neglect the issue of participation rates of different countries. Details of such
simplified model variants, with sparse calibration efforts, can be found in Smulders (1995), Hettich (2000), Greiner and
Semmler (2008), Greiner et al. (2010), Orlov et al. (2018) and Flaherty et al (2017).
15The solution procedure that we use in this modeling is nonlinear model predictive control (NMPC). As described in Gruene
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GHG levels increase indefinitely. Capital grows initially but thereafter declines as climate change damage
is realized. This scenario is also modeled and calibrated in DICE (see Nordhaus 2008).
Scenario 2 explores the effect of green bonds but does not include carbon taxation. In this scenario,
investment in green infrastructure is immediately undertaken in the first stage and scheduled to be repaid
by future generations in a second stage. While GHG levels drop, capital continues to accumulate, and a
debt burden accumulates in the first time period, repaid by taxes in later time periods. Note that the two
periods are modeled as consecutive stages, which do not overlap.
Scenario 3 introduces a carbon tax in addition to green bonds. The second stage of this scenario is similar
to that of the second scenario, as carbon tax revenues fall in the shift to a greener economy. The third
scenario (green bonds with complimentary carbon tax) reduces GHG emissions and allows for a higher
steady-state level of capital, while minimizing debt repayment by the second generation, as bond
repayment is phased in earlier. In this scenario, the transition to a low-carbon economy is accelerated in
consecutive stages.
Initial values and model parameters at each stage are presented in Appendix B. We run the simulation
for each scenario separately, but the results for scenarios 2 and 3 are presented together to facilitate a
comparison of the two policy choices.
In the business-as-usual scenario, there is a brief period of economic growth, propped up through the
continued use of carbon-intensive processes. After a short period however, the economic damages
caused from the accumulated greenhouse gases lead to economic losses and a low steady-state capital
accumulation. Greenhouse gas accumulations level off at a high level, as no transition is achieved.
Scenario 2 has two distinct phases: the green transition of the economy and the sustainable economy.
During the greening phase, economic growth is accompanied by the accumulation of debt and the
diminishing of greenhouse gas levels. This represents the transition from carbon-based fuels and
production processes towards sustainable practices. Low-carbon infrastructure and technology requires
investment and as it becomes more prevalent, greenhouse gases begin to dissipate from the atmosphere.
In the absence of carbon taxation, the transition is paid by issuing debt. In the sustainable economy,
economic production produces negligible emissions, and the debt accumulated during the transition
period is re- paid. Over the course of the two phases, capital accumulation is maintained at elevated levels,
greenhouse gases shrink to negligible levels, and debt accumulates for a time and is subsequently repaid
entirely.
Scenario 3 mirrors the dynamics of Scenario 2 very closely, with the inclusion of a complimentary
et al. (2015), this procedure allows solving models with finite time decision horizons, avoids the information requirements of
infinite horizon models, allows for limited-information agents, and permits changes of stages and regimes in model variants.
It also resembles human decision-making based on short-term interests instead of optimization over the long run or infinite
horizon. We perceive the stages in scenarios 2 and 3 as separate regimes, in which thresholds for switching between the
regimes are exogenous. We make several simplifying assumptions. Note that the switching time could also be a decision
variable, but this approach is not pursued here. For a regime-switching model of this type, see Orlov et al. (2018). Another
aspect not addressed in the model is a calculation of optimal levels of green bonds and tax rates as well as the endogenous
regime-switching from one stage to another required to achieve emissions mitigation in the most welfare-improving manner.
The model formulae and specifications are detailed in Appendix A.
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Figure 3: Simulation of scenario 1 (BAU)
carbon tax policy. Inclusion of the carbon tax disincentivizes the use of carbon-intensive fuels, so the
transition towards sustainability is accelerated. Greenhouse gases settle at a lower level than in Scenario
2, capital accumulation is able to hit a higher steady-state, and debt repayment is achieved earlier.
Overall, a comparison of the three scenarios shows that scenario 1, with no mitigation effort undertaken,
is the costliest and scenario 3, with a mix of policies, produces the best welfare outcomes.

4

Conclusion

In the Paris Agreement, all countries committed to transitioning towards low-carbon, climate-resilient
economies. Several policy instruments have been proposed to finance this transition, including green
bonds and carbon pricing. Often these instruments are perceived as alternative choices, but this paper
finds there are important gains from deploying them jointly, provided countries have sufficient fiscal
space. Debt levels are rising in many low-income countries (Essl et al. 2019), and in such circum- stances
it is preferable for climate policy to be financed by taxation or budget reallocation instead of deficit
spending (Forni et al. 2019). However, for advanced economies, Blanchard (2019) observes that
sovereign debt, in contrast to corporate debt, is not rising that much, so there may be space for pursuing
climate policies by green bonds and carbon pricing. Carbon pricing improves the performance of green
bonds, which in turn improve inter-generational equity, political feasibility, and help address multiple
market failures. Yet, not all carbon pricing is the same: the synergies with green bonds are greater for
carbon taxation than for emissions trading.
In most current impact assessment models, the burden of enacting mitigation and adaptation policies
11
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Figure 4: Simulations of scenarios 2 and 3
falls on current generations. We set up an intertemporal model, related to Sachs (2015), that proposes
burden sharing between current and future generations, by allowing for both carbon taxation and green
bonds as funding sources for a low-carbon transition. The issuance of green bonds helps to improve
intergenerational equity by funding immediate investment in climate mitigation, with bonds repaid by
future generations which thereby participate in financing the reduced climate damage from which they
will benefit. We examine three scenarios using a new numerical procedure called NMPC that allows for
finite horizon solutions and phase changes. We show that the combination of carbon pricing and green
bonds improves environmental effectiveness, capital accumulation and debt sustainability. The main
conclusion is that, in the financing of low-carbon transitions, a mix of policies should be used that
includes green bonds and carbon pricing, which seems to be politically more feasible, speeds up the
transition, and exhibits greater intergenerational fairness.
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A
A.1

Models and Assumptions
Scenario 1: Business as Usual

The baseline model, implicit in the Nordhaus DICE model and also employed in Flaherty et al. (2016),
contains a policy maker that optimizes consumption over a finite period to maximize utility over a
continuous time horizon. The utility function and budget constraint are similar to those in standard
models, with the addition of greenhouse gas (GHG) accumulation, M, and damage caused by the resulting
climate change, D. Future consumption is discounted at rate ρ in a logarithmic utility function.16
𝑁𝑁

subject to

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 ∫𝑡𝑡=0 𝑒𝑒−𝜌𝜌𝜌𝜌 ln(𝐶𝐶) 𝑑𝑑𝑑𝑑

𝐾𝐾̇ = 𝐷𝐷 ∙ 𝑌𝑌 − 𝐶𝐶 − (𝛿𝛿 + 𝑛𝑛)𝐾𝐾

and

(1)
(2)

𝑀𝑀̇ = 𝛽𝛽𝛽𝛽 − 𝜇𝜇𝜇𝜇

(3)

𝑌𝑌 = 𝐾𝐾 𝛼𝛼

(4)

where K(0) = K0, and M(0) = M0. The production is defined as:

with α ∈ (0, 1).
Emissions17 are given by the function18

𝐸𝐸 = (

𝑎𝑎𝑎𝑎 𝛾𝛾
)
𝐴𝐴0

(5)

where A0 represents an exogenous mitigation effort19 that exists even in the absence of any conscious
mitigation action and γ affects emissions growth, such as emissions mitigation that occurs through
remaining technological progress in the absence of policy.
The stock of GHG emissions has a damaging effect on production. Accumulation of these emissions
16We

make a simplification to study stylized scenarios and stages. Instead of standard preferences, one could allow for
heterogeneous agents, habit formation, or penalty functions, instead of simple log preferences. In Eq. (2), we have no bond
holding. This baseline model thus avoids a discussion on the relationship of the above type of model to the Ricardian
Equivalence Theorem. This relationship is analyzed in Orlov et al. (2018).
17Following Greiner et al. (2010) with the addition of abatement efforts.
18Note that our specification of the emission equation (5) is similar to the DICE model, where emissions arise with GDP at a
declining rate (Weller et al. 2015, and Kellet et al. 2019). Since our γ is set at 1, and the capital-output ratio is roughly 3 to 4
in most economies, our formulation of emissions resembles that of the DICE model.
19Note that in the DICE model, mitigation effort is multiplicatively applied to GDP, where mitigation affects a fraction of GDP,
and the remaining fraction is then “brown” GDP. In our formulation, we let mitigation affect capital stock, which in our case
is the polluting variable. For the calibration of GHG emissions per $1000 of capital stock, the DICE measure (Weller et al.
2015, and Kellet et al. 2019) can be directly applied to our case, since we assume a constant capital-output ratio.

17

results in a damage function, D(· ), to adversely affect output, Y . We assume a damage function, which
is often used in integrated assessment models,20

with21 a1 > 0, ψ > 0.

A.2

𝐷𝐷(∙) = (𝑎𝑎1 ∙ 𝑀𝑀2 + 1)−𝜓𝜓

(6)

Scenario 2: Financing the Green Economy through Green Bonds

In scenario 2, GHG mitigation is funded through the sale of green bonds in the first stage; accumulated
debt is repaid in the second stage. Despite this addition, the basic characteristics of the model remain
the same as the cost of abatement is factored into both the capital stock equation and emissions function,
and a state equation is introduced to account for the accumulation of public debt. Households choose
consumption in order to maximize welfare over a finite time horizon.

subject to

𝑁𝑁

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 ∫𝑡𝑡=0 𝑒𝑒−𝜌𝜌𝜌𝜌 ln(𝐶𝐶) 𝑑𝑑𝑑𝑑

𝐾𝐾̇ = 𝐷𝐷 ∙ 𝑌𝑌 − 𝐶𝐶 − (𝛿𝛿 + 𝑛𝑛)𝐾𝐾
𝑀𝑀̇ = 𝛽𝛽𝛽𝛽 − 𝜇𝜇𝜇𝜇
𝐸𝐸 = (

𝑎𝑎𝑎𝑎

𝑏𝑏𝑏𝑏+𝐴𝐴0

)𝛾𝛾

(7)
(8)
(9)
(10)

A represents abatement or mitigation efforts22 financed by green bonds (during the first stage) which are
repaid in the second stage. Since the abatement effort in the capital stock equation is reimbursed by the
bonds issued, it does not appear as a cost. The debt dynamics equation for the first stage is:
𝐵𝐵̇ = 𝑟𝑟 ∙ 𝐵𝐵 + 𝐴𝐴

(11)

In this stage, public debt (B) is a function of the cost of abatement efforts (A), interest rate (r) and initial
public debt (B(0)). Green bonds are issued until time T , at which point GHG mitigation has reduced
emissions to a lower equilibrium point (compared to the first model) as a result of abatement efforts and
20See

Greiner et al. (2010). In the DICE model, temperature is used instead of the stock of GHG, M.
that the value of Eq. (5) will decline with rising GHG emissions, and is multiplied with GDP; see Eq. (8); the nondamaged part of GDP will fall with rising GHG emissions. Note also that even though temperature is usually modeled as
driving the damages, we use GHG as the driving variable to avoid an additional state variable.
22Note that subsequently we will take b = 5.

21Note
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effectively reduced climate impacts on production.23
The second stage of the model consists of the repayment of green bonds through taxation, facilitated by
the extra output gained from higher capital stock accumulated as a result of lower emissions levels, and
preserving the green economy by continued abatement efforts. In the absence of notable climate damage,
consumption is reduced by only the taxation required to pay down public debt and keep abatement efforts
in place.
𝑁𝑁

subject to
and

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 ∫𝑡𝑡=0 𝑒𝑒−𝜌𝜌𝜌𝜌 ln(𝐶𝐶) 𝑑𝑑𝑑𝑑

𝐾𝐾̇ = 𝑌𝑌(1 − 𝜏𝜏) − 𝐶𝐶 − (𝛿𝛿 + 𝑛𝑛)𝐾𝐾
𝐵𝐵̇ = 𝑟𝑟 ∙ 𝐵𝐵 − 𝜏𝜏𝜏𝜏

(12)
(13)
(14)

where τ is an income tax rate to repay accumulated debt and maintain the abatement effort at its equilibrium level.

A.3

Scenario 3: Supporting the Green Economy through Carbon Taxes and Green Bonds

Scenario 3 is similar to scenario 2, but includes an additional carbon tax in the capital stock equation
during the first stage. The first stage equations for this scenario are:
𝑁𝑁

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 ∫𝑡𝑡=0 𝑒𝑒−𝜌𝜌𝜌𝜌 ln(𝐶𝐶) 𝑑𝑑𝑑𝑑
𝐾𝐾̇ = 𝐷𝐷 ∙ 𝑌𝑌 − 𝐶𝐶 − 𝜒𝜒𝜒𝜒 − (𝛿𝛿 + 𝑛𝑛)𝐾𝐾
𝑀𝑀̇ = 𝛽𝛽𝛽𝛽 − 𝜇𝜇𝜇𝜇

𝐸𝐸 = (

𝑎𝑎𝑎𝑎

𝑏𝑏(𝐴𝐴+𝜒𝜒𝜒𝜒)+𝐴𝐴0

)𝛾𝛾

(15)

(16)
(17)

(18)

where χ is the carbon tax rate levied on remaining emissions-intensive output. The carbon tax rate is set
using an arc-tangent function:
23We

make a distinction between the optimization time horizon, N, and the length of the stage T . The switching of the stages
occurs at period T , which may differ between the first stage (bond-financed mitigation policy) and the second stage
(repayment of bonds).
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2

𝜒𝜒 = 𝑏𝑏1 atan(𝑏𝑏2 𝑀𝑀2 − 0.01)
𝜋𝜋

(19)

Since our model does not explicitly differentiate between low-carbon and carbon-intensive capital, we
can only tax the capital or its output as a whole.24 This is done with a changing (decreasing) tax rate to
take into account that some capital stock may already represent green capital. The suggested carbon tax
is applied as a semi-flat tax rate on output as long as the emissions level is higher than the desired
amount. Revenue from the carbon tax is spent on abatement efforts.
The second stage of the model is the same as the second stage of scenario 2:

subject to

and

𝑁𝑁

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 ∫𝑡𝑡=0 𝑒𝑒−𝜌𝜌𝜌𝜌 ln(𝐶𝐶) 𝑑𝑑𝑑𝑑

(20)

𝐵𝐵̇ = 𝑟𝑟 ∙ 𝐵𝐵 − 𝜏𝜏𝜏𝜏

(22)

𝐾𝐾̇ = 𝑌𝑌(1 − 𝜏𝜏) − 𝐶𝐶 − (𝛿𝛿 + 𝑛𝑛)𝐾𝐾

(21)

After repayment of green bonds, the total tax revenue, τY , is equal to the cost of abatement efforts at the
equilibrium, A + χY , with a small χ. Although the carbon tax rate is higher for the first generation, which
faces higher levels of emissions and related damages, future generations, which pay almost nothing in
carbon taxes and lose less output to climate damage, have to repay the green bonds and maintain the level
of abatement efforts by paying a small carbon tax.
In this third scenario, too, the time periods of switching to the second stage, being in the first stage, as
well as the duration of the second stage when the bonds are repaid, is exogenously defined. Only
measured small tolerances for GHG emissions, as well as bond repayments, determine the switching.
The switching times are not a choice variable. 25

B
B.1

Parameters and Assumptions
Scenario 1: Business as Usual

We chose initial values of both capital stock and GHG levels below their equilibrium values to let the
system grow initially. However, as a result of the damage from accumulating GHG, the final equilibrium
value for the capital stock is below the initial value of 0.3. This decline in the equilibrium value of capital
24A

similar nonlinearity is observable in the DICE model, in which the non-polluted share of GDP is determined by mitigation
efforts as well as the time-varying carbon intensity of output (Weller et al. 2015 and Kellet et al. 2019).
25For a model with endogenous switching time, see Orlov et al. (2018).
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Parameter
n
α
β
γ
δ
µ
ρ
ψ
A
A0
a1
a
b1
b2
r
τ
K0
M0
B0

Definition
Population growth rate
Output elasticity of capital
Share of emission added to GHG
Capital elasticity of emission
Depreciation rate
Constant decay rate
Discount rate
Exponential damage factor
Abatement effort
Constant abatement parameter
Quadratic damage parameter
GHG emission scaling factor
Maximum Carbon Tax Rate
SGS sensitivity of Carbon Tax Rate
Interest rate
Debt repayment tax rate (second stage)
Initial capital stock
Initial GHG level
Initial debt

Scenario 1
0.02
0.18
0.49
1
0.075
0.1
0.03
1
0
0.0012
0.5
0.00035
0
0
0
0
0.3
0.3
0

Scenario 2
0.02
0.18
0.49
1
0.075
0.1
0.03
1
0.005
0.0012
0.5
0.00035
0
0
0.03
0.055
0.3
0.3
0

Scenario 3
0.02
0.18
0.49
1
0.075
0.1
0.03
1
0.005
0.0012
0.5
0.00035
0.05
10
0.03
0.055
0.62
0.03
0

Table 1: Simulation Parameters and Initial Values
stock (and therefore output and consumption, as discussed in Section 3.1) is what justifies abatement
efforts and taxing future generations for abatement efforts previously undertaken. The simulation results
of this stage are shown in Figure 3.

B.2

Scenarios 2 and 3: Climate Policies

Figure 4 shows the effects of two policy sets introduced in scenarios 2 and 3. In the first stage of scenario
2 (represented in Figure 3 by dashed lines), the government sells green bonds and accumulates debt to
finance mitigation efforts. This policy reduces the emissions level and the equilibrium level of capital
stock increases compared to scenario 1. The second stage initiates when changes in both the emissions
level and capital stock become smaller than ε = 0.0001. The main objective of this stage is to reduce the
emissions level, and therefore we do not need to optimize the length of the period or when to switch to
the third phase. 26
Compared to scenario 2, the carbon taxation included in scenario 3 (presented by solid lines in the figure),
further reduces the emissions level. The increased taxation initially reduce investment, and the capital
stock grows slightly more slowly than in scenario 3 (the difference is too small to be shown in the graph);
it starts to take over the investment of scenario 3 as soon as emissions levels decline. While the rapid
decline in the emissions level and higher taxes in scenario 3 have almost no effect on the equilibrium level
26This

can be modeled with a different software (Orlov et al. 2018).
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of capital stock; the main difference in the two scenarios is in adjustment speed. Additional financing in
model 3 accelerates the mitigation process, and the emissions level reaches its equilibrium level more
rapidly than in scenario 2. Faster adjustment means less accumulated debt, less accumulated interest,
and faster repayment.

22

