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Dealing with the societal and economic consequences of climate change is one of the
more complex grand challenges that humanity will face this century. Climate science
research suggests that holding global temperature change within 2 °C by 2100 will limit
the extent of natural disasters around the world. Moreover, the climate emergency
requires revamping the economicsystem through a green transition, where low-emission
orcarbon-neutral economicactivity replaces the status quo. However, there is uncertainty
regarding the economicimpact of the policies required to complete the transition, in part
because there is no agreement on how to appropriately model these interventions and
theeconomyitself. Asa consequence, thereisalimited understanding of feedback effects
between the environment and the macroeconomy, further complicating the validation
of economic policies promoting the green transition.

In this study, we have examined one of the world’s more developed green economic
strategies, the European Green Deal (EGD), through the lens of a stock-flow consistent
model called DEFINE. The purpose of the research is to understand how effective the
EGD’s policies are in bringing about the green transition, given the temperature and
emissions’ targets set by climate scientists, and the need to maintain a stable macroe-
conomy. Hence, the main policies of the EGD, which are expected to raise €1 trillion
over ten years for climate action, have been reviewed in detail, including (i) the green
publicinvestment strategy, (ii) the cap-and-trade carbon market, and (iii) the role of the
financial sector in fostering green private investment.

The next step involved understanding the modelling tool used for the analysis. Inspired
by post-Keynesian and ecological macroeconomics principles, DEFINE is an accounting-
based, demand-driven macroeconomic model at the global scale with 185 equations
that illustrate the behaviour of five main clusters of actors: firms, households, banks,
the government and the central bank. It is composed of two main subsystems: the
ecosystem and the macroeconomy, which includes a financial sector. These subsystems
interact through seven distinct channels, that include the depletion of natural resources,
climate damages to the economy, and the impact of green finance on economic activity,
amongst others. It outputs a plethora of indicators from both subsystems, allowing
us to understand simultaneously how the economy is performing, and how the Earth’s
environment is affected.

Given the particularities of the model, the policies from the EGD were operationalised
to be used as inputs for the model. The policy levers selected were the share of green
publicinvestment on GDP the level of carbon taxation, defined to be equivalent to the
EU’s cap-and-trade carbon market, and the reduction in green credit rationing, which
would emulate the role of the financial sector in the EGD. Moreover, a baseline scenario
was selected from previous studies using the model; this scenario is based on the Shared
Socioeconomic Pathways (SSP) framework used in climate science. Finally, a scenario
tree was developed varying the levers, from an emulation of the EGD to more radical
versions of the plan.



It was found that the policies were effective in detaching economic growth from carbon
emissions, outperforming the baseline scenario in most relevant metrics. However, the
basic policy scenario replicating the EGD did not keep global temperature change within
2°C by 2100, even if it proved to be a major improvement over the status quo. Other
policy scenarios, involving a higher level of green public investment and carbon taxation,
managed to meet the temperature target while maintaining a high economic growth rate
and a stable financial system. The main trade-off in these policy packages was the high
fiscal deficitincurred over the first ten years of the plan, as it would require substantial
political compromise and bravery.

While these European-based policies were applied on a global model, the added value of
this study cannot be overstated. The results cannot be directly translated into quantified
policy recommendations for EU policy-making, or for governments of other states, but
they can be used to draw a general policy direction that decision-makers around the
world can follow. Notably, the level of green public investment should increase to at
least 1.5% over the 2021-2030 period, relative to the 0.45% of the EGD, and budget
deficit rules should be relaxed to allow for the fiscal stimulus the transition requires.
Finally, future work should focus on developing regional modules of DEFINE that analyse
a broader range of future scenarios, and provide quantifiable policy recommendations
for governments to use.
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Climate change represents, from a policy-making and implementation standpoint, one of
the most complex societal challenges humankind has faced (National Research Council,
2011). Its complexity lies in the fact that it worsens other grand challenges that human-
ity faces, such as the eradication of poverty and access to clean water, amongst other
issues highlighted in the UN’s Sustainable Development Goals (SDG) (United Nations,
2016). Tackling climate change requires facing interconnected environmental threats
(Michaut, 2017), that reinforce harmful social and macroeconomic patterns. Ultimately,
climate change is a global problem that knows no borders, and so requires a global
solution.

At this point it may be a cliche, but in the same way that human activity is responsible for
the climate crisis (Arrow, 2007), it will take human action, in the form of a green transi-
tion, economic and otherwise, to achieve sustainable development (Jackson, 2011). This
transition requires a broad transformation of modern societies, spanning from changes
in agricultural practices to the phasing out of carbon-intensive energy sources, such as
fossil fuels (International Renewable Energy Agency, 2020). However, the financing of
the transition itself remains a hot topic of discussion. In the political arena, the short-
term view has often prevailed: protecting the interests of future generations does not
necessarily align well with policies that will help win the next election, even in the most
modern democracies (Povitkina, 2018).

Moreover, there are distributional concerns regarding the costs and impacts of climate
change (Botzen, Cowdy, & van den Bergh, 2008). Low income economies, mostly in the
Global South, will be hit first and more drastically by climate-related disasters, and have
limited capacity to finance the transition (Tol, Downing, Kuik, & Smith, 2004). On the
opposite end are high income economies in the Global North, which are largely responsi-
ble for the post-industrial CO, released into the atmosphere (Den Elzen, Schaeffer, &
Lucas, 2005), yet will suffer less drastic consequences from the changing climate. Thus,
these disparities lead to endless negotiations and burden shifting, promoting inaction
and widening global inequalities.

In a hopeful turn of events, some political will to tackle the climate crisis has emerged
in recent years, as exemplified by the Paris Agreement (United Nations, 2015), which
189 countries have joined to this day. In this context, a plethora of national climate
mitigation plans and initiatives have arisen. Amongst the most aggressive adaptation
plansis the European Green Deal, which is a set of ambitious green policies proposed in
December 2019 (European Commission, 2019), representing the first step for Europe to
reach net-zero greenhouse gas emissions by 2050.

Of course, there are a number of policy challenges related to the implementation of a
plan of this magnitude. At a macroeconomic level, the efficient allocation of resources
is complex, as the macroeconomy is a convoluted system with many actors. Moreover,
climate damage projections are characterised by deep uncertainty (Knight, 1921), as their
scale depends on the macroeconomy itself and future events that are hard to predict. As
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such, forecasting the impact of future policies is an arduous task.

To further complicate matters, underlying this challenge is the nature of economics
as a discipline: it is a social science (Frey, 1999). Hence, there are multiple schools of
thought making differing interpretations of real-life events (Harvey, 2020), leading to
macroeconomic debate and, more importantly for the purposes of this thesis, divergent
modelling approaches.

They can be summarised in two large groups. Orthodox, mainstream economists follow
amodern interpretation of neoclassical approaches, focused on inflation control through
monetary policy, and unemployment reduction through labour deregulation (Storm &
Naastepad, 2012). Heterodox economists tend to follow Keynesian principles, which
perceive the macroeconomy as demand-driven, and seek to achieve full-employment
mostly through fiscal policy (Keynes, 1936). These policy choices are motivated by un-
derlying beliefs and assumptions made about the economy and its agents, such as the
assumption of rational expectations made in orthodox approaches. However, despite
their disagreements, economists from both sides agree on the tight relationship be-
tween economic activity and climate change (Nordhaus, 2008; Rezai, Taylor, & Foley,
2018).

Following this general recognition in the field, a variety of climate-focused macroeco-
nomic models have been developed in recent years. The most recognisable is perhaps
an integrated assessment model (IAM) called DICE, which was developed by Nordhaus
(2008). It features an optimisation-driven approach, and it has earned the author a No-
bel Prize in 2018. However, the model is often criticised for its dependence on rational
expectations and perfect foresight by economicagents (Rezai, Taylor, & Mechler, 2013),
and in the author’s more recent work (Nordhaus, 2018), forignoring the presence of tem-
perature tipping points beyond 4°C in its climate damage function. Finally, as a highly
aggregated model without a financial sector, it is not a suitable tool to identify policy
packages that could finance climate action and keep global warming within reasonable
bounds by the end of the century.

Hence, the focus of this thesis shifts away from the assessment of previous models like
DICE, and is placed instead on the use of heterodox, Keynesian approaches. These ap-
proaches are demand-driven, but also constrained by supply-side factors determined
by the Earth’s ecosystem, such as the availability of fossil fuels and material resources.
The inclusion of planetary and resource boundaries should provide valuable economic
insight regarding the limitations of a growth-based economic frame in the context of the
climate crisis.

1.1 Academic and societal relevance

This thesis provides insights from both academic and societal perspectives. On the one
hand, the academic contributions hinge on the potential of Keynesian approaches to
more realistically interact with the biophysical limits of the global economy (Fontana &
Sawyer, 2016). On the flip side, ecological economics has often neglected the macroe-
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conomicdimension inits modelling (Spash & Schandl, 2009). This intersection opens
up new research possibilities, particularly in the field of modelling and policy analysis,
which could result in positive contributions to the economics discipline.

From a societal perspective, contributing to the understanding of the relationship be-
tween the macroeconomy and the climate emergency will sharpen the advice given to
policymakers in the coming years, particularly as climate becomes a focal component of
annual budgets for governments around the globe. The presentation of the European
Green Deal facilitates this process, as it can be used as a benchmark for other institutions
to follow, as well as a policy input to be analysed. Hence, this thesis is tied to the Engi-
neering and Policy Analysis M.Sc. programme due to its strong focus on the climate crisis
as asocietal grand challenge, and is located at the intersection between academic and
societal relevance.

1.2 Literature review

The purpose of this section is to provide an initial assessment of the state of the art on the
subject of economics and climate change. Firstly, the initial review approach is outlined,
followed by the definition of some core economic concepts, and a description of the role
of the European Union (EU) in the context of this thesis. The analysis of the literature is
completed later on, as Chapters 2 and 3 cover the European Green Deal and the chosen
modelling method in depth.

1.2.1 Review approach

Given the need to understand the connection between the economics discipline and
climate change, the literature search started by exploring academic reviews on recent
models in the field of ecological macroeconomics (Ciarli & Savona, 2019; Hafner, Anger-
Kraavi, Monasterolo, & Jones, 2020; Hardt & O’'Neill, 2017). Following the reviews, the
focus shifted towards recent academic articles describing state-of-the-art economic
modelling, with a focus on heterodox, post-Keynesian approaches (Dafermosetal., 2017,
Nieto, Carpintero, Lobejon, & Miguel, 2020). These approaches were chosen due to
their perceived value alignment with ecological economics (i.e., no reliance on a utility
maximisation assumption), as highlighted by Rezai et al. (2013).

However, the search also rendered a certain degree of differentiation between post-
Keynesian and ecological economics (Spash & Schandl, 2009), notably on the subject of
economic growth, not always perceived as desirable on the ecological side. The review
conducted by Hardt and O’Neill (2017) specifically targets this gap, as it analyses how
different models introduce the policy themes embedded in the post-growth literature.
These findings raised a second axis of research within the review, seeking to explore
potential gaps between the approaches. Finally, the focus was shifted to the review of
EU-specificapplications of ecological macroeconomics modelling, such as the work of
Nieto et al. (2020), as well as a more detailed inspection of the European Green Deal
(European Commission, 2019).
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This process was undertaken using the resources available through the TU Delft Library.
A snowball method was used to deepen the understanding of specific techniques as well
as the normative assumptions populating the discipline; this was quite logical given that
the academic reviews were this research’s starting point. Upon said review, some of the
key works in the field are discussed in more detail.

1.2.2 Relevant previous work

In orthodox economic climate modelling, which follows a neoclassical, optimisation-
based approach, the work of Nordhaus (2008) and the creation of his DICE integrated
assessment model stand out, particularly due to theirimpact on US policy-making circles.
Other important orthodox approaches to consider are Dynamic Stochastic General Equi-
librium (DSGE) models, due to their recent surge in many policy circles, as exemplified
by the European Central Bank’s (ECB) Smets-Wouters model (Smets & Wouters, 2003).
Farmer, Hepburn, Mealy, and Teytelboym (2015) proposed their use in climate-focused
applications as successors to IAMs, and they have been used to analyse the impacts of
different carbon policies (Chan, 2020; Zhao & Yang, 2019). DSGE models are subject to
similar criticism as other approaches based on neoclassical principles, such as the use
of flawed microeconomic foundations, including perfect information and the represen-
tative agent model, that fail to illustrate key features of economic behaviour (Stiglitz,
2018).

In traditional ecological economics, where post-growth is often discussed, the book “Pros-
perity without growth? [...]” by Jackson (2009) is central. On analytical post-Keynesian
ecological models, Rezai et al. (2018, 2013) provide important insight on the feedback
between demand-driven forces and environmental impact, while Dafermos et al. (2017),
Bovari, Giraud, and Mc Isaac (2018), and Jackson and Victor (2020) are good examples of
stock-flow consistent (SFC) numerical models, at different scales.

1.2.3 Coredefinitions

As Hardt and O’Neill (2017) point out, there is not yet a mutually agreed definition of
ecological macroeconomics. However, they mention three academic themes that can
emerge when discussing the subject: the need to manage an economy without growth
(arising explicitly from the definition of ecological macroeconomics inJackson (2009));
the development of new tools illustrating dependence between the macroeconomy
and the environment (see for example Fontana and Sawyer (2016)); and finally, the
combination of ecological and post-Keynesian approaches, upon which this thesis builds.
Finally, it is important to point out that some authors analysing from a post-growth
perspective view the field as an opportunity to redefine the purpose of the economy
(Rgpke, 2013).

Another important definition for the purposes of this thesis is that of stock-flow con-
sistent modelling. In their recent work, Jackson and Victor (2020) define the method
in three axioms. Firstly, each expenditure of an economic sector is also the income of
another. Secondly, each sector’s financial asset corresponds to a financial liability in at
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least one other sector, and assets and liabilities add up to zero. Thirdly, changes in stocks
of financial assets must be related consistently to flows within and between sectors.
Following the original work by Codley and Lavoie (2006), simulation runs are consistent
through simple accounting principles derived from these axioms. Moreover, this consis-
tent accounting allows for a reduction in degrees of freedom needed for the economic
model (Hafneretal,, 2020). Finally, Hafner et al. (2020) further argue that, as a conse-
quence, the main strength of SFC models is their ability to interrelate the financial and
real sides of the economy.

1.2.4 Ecological macroeconomics and the EU economy

Undoubtedly, one of the main questions that arises from the literature is whether sus-
tained economic growth is compatible with the challenges that climate change brings
(Jackson, 2009), both regarding the financing of the required economic transition and the
returning feedback that catastrophic events could have on the global economy. Hence,
thereis likely an interest in policy-making circles at the EU level to understand whether a
growth-powered transition is possible (particularly in the context of the European Green
Deal).

There is one specific study that aims to tackle this. In their recent work, Nieto et al.
(2020) suggest that the climate targets set by the EU can only be metin a “Post-Growth”
scenario, where there is a reduction in GDP growth expectations. They use a model
based on system dynamics and input-output analysis, while maintaining the theoretical
frameworks from ecological and post-Keynesian economics. Itis interesting to explore
similar scenarios to theirs using an alternative modelling approach, such as the Dynamic
Ecosystem-FINance-Economy (DEFINE) model by Dafermos et al. (2017), which is stock-
flow consistent. The integration of financial stocks and flows is a feature that Nieto et al.
(2020) openly discuss as to be added in future iterations of their model, something that
is already a strength of DEFINE and other similar models. To conclude, the work of Nieto
etal. (2020) shows the potential implementation of relevant policies and scenarios in a
post-Keynesian model, and so could be used to validate similar analyses.

On a political and societal level, it is important to reflect on the role that high-income
economies (in this case, the European Union as a whole) have in spearheading the transi-
tion. In a recent “Perspectives” article, Calvin (2020) defends that high-income countries
can decarbonise justly and sustainably, and that resistance would come exclusively from
the financial sector. His argument is partially backed up, on a more EU-focused level,
by the critique of the European Green Deal from Storm (2020), who claims that a more
ambitious fiscal spending planis not only imperative in the face of the challenge, but that
itis also politically possible. However, there seems to be a gap between what modellers
use as scenarios and the deeper political insights provided by authors like Storm and
Galvin. This is likely related to the relative lack of concrete policy actions within the Euro-
pean Green Deal itself, which is more target based (European Commission, 2019); this is
discussed in more depth in Chapter 2. Combining what is deemed “politically possible”
with economic performance indicators in model outputs, should increase the quality of
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the advice that could be provided to policymakers.

1.3 Research objectives

In this section, the research question is outlined, followed by 6 related sub-questions.
These sub-questions are answered in Chapters 2 through 7 of this thesis, both in the
general discussion and explicitly in the last section of each chapter. Following this outline,
the research methods are described, including the model that will be used for analysis:
the DEFINE model by Dafermos et al. (2017).

1.3.1 Research question

From the literature review, we can conclude that modelling research in ecological macroe-
conomics is becoming dynamic and commonplace, with post-Keynesian economics hav-
ing a large influence in heterodox models. There seems to be a relative knowledge gap
regarding the application of these models, particularly stock-flow consistent ones, in
the context of the European Green Deal and what it means for climate policy globally.
Hence, seeking to help define what s “politically possible”, the research question is the
following:

“How can a stock-flow consistent model grounded in ecological and post-Keynesian
economic values further understanding of the macroeconomic and climatic
consequences of the European Green Deal?”

1.3.2 Research method

Following the discussion in the introduction, we highlight the assertion by Frey (1999)
that economics is in fact a social science. From there, the existence of different schools
of thought follows naturally (Harvey, 2020), and so diverging representations of the
complex socio-technical system that is the global economy arise. These differences result
in the conception of economic models with distinct characteristics, driven by underlying
assumptions that bring along a variety of limitations. Hence, economic models act as a
double-edged sword, as insightful conclusions can be drawn from the behaviour of the
system modelled, but it is essential to acknowledge the limitations embedded in the
underlying assumptions in order to recommend robust policies. In conclusion, as George
P. Box (1979) famously stated, “all models are wrong, but some are useful”.

The research method chosen for this thesis is a modelling approach, specifically a stock-
flow consistent model. This approach was originally proposed by Codley and Lavoie
(2006), with more contemporary work attributed to authors like Dafermos, Nikolaidi,
and Galanis (2018) and Jackson and Victor (2020). The three axioms described in Section
1.2.3 portray the strengths of this “accounting-driven” approach, which features stocks
and flows representing, for instance, income and wealth, while maintaining the discrete
nature of economic transactions and emphasising the need for (asset-liability) balance,
which methods like system dynamics might struggle with.
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Upon consultation with one of its authors, who agreed to be an external supervisor to this
thesis, the model used in this study is the DEFINE model developed by Dafermos et al.
(2017). In the words of the authors, DEFINE is a “stock-flow-fund ecological macroeco-
nomic model that analyses the interactions between the ecosystem, the financial system
and the macroeconomy” (Dafermos, Calanis, & Nikolaidi, 2018). The DEFINE model
is also consistent with the laws of thermodynamics. In their recent review, Hardt and
O'Neill (2017) class DEFINE as an SFC model as well as a physical input output model, as
it depicts physical stocks and flows, such as waste and resources (see Figure 1).

Analytical Models

(1) Fontana & Sawyer 2016 (3) Rosenbaum 2015 (20) D’Alessandro et al. 2010

(2) Kemp-Benedict 2014a (4) Taylor et al. 2016 (21) Kemp-Benedict 2014b

Numerical Models

(18) Bastin & Cassiers 2010

Monetary Input-Output Models
Stock-Flow System
Consistent Dynamics
(6) Campiglio et al. (5) Berg et al. 2015 (13) Cambridge (14) Briens 2015 (16) Gran
s 4 .
2015 (11) Jackson et al. econometrics 201 (15) Cordier et al. (unpublished)
(8) Godin 2012 2014 (22) Kronenberg 2015 (17) Victor &
2010a Rosenbluth 2007
(9) Jackson & Victor
2015 (19) Bernardo &
(7) Dafermos et al. D’Alessandro 2016
(10) Jackson & 2017
Victor 2016
(12) Naqvi 2015
Physical Input-Output Models

Figure 1: Categorisation of ecological macroeconomics models by modelling technique
obtained from Hardt and O’'Neill (2017). The DEFINE model is (7), classed as stock-flow
consistent and as a physical input-output model.

The main advantages of DEFINE are the embedding of the macroeconomy as an open
subsystem within a closed ecosystem, the consideration of supply-side constraints due
to climate damages in the context of a demand-driven model, and an emphasis on
income and wealth distribution as drivers of the macroeconomy and the financial system
(Dafermos, Galanis, & Nikolaidi, 2018).

Given the short length of the thesis project relative to the size and complexity of the
model, it was decided that the analysis would be based on introducing a fiscal policy
input into the model, to understand its long term implications. For this purpose, the
European Creen Deal is operationalised to be used as the input. Since DEFINE is a model
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of the global economy, the policies are scaled up toa global level. Given the lack of concise
policy specification in the current version of the Creen Deal, a further review of related
literature is presented in Chapter 2, in order to establish realistic policy inputs that align
with its values.

1.3.3 Research sub-questions

Following from the literature review and choice of model, as well as the policy considera-
tions to be made regarding the European Green Deal, the following sub-questions arise
regarding policy operationalisation, model structure and analysis:

Sub-question1 What is the European Green Deal and what are its stated
aims and policies?

Sub-question2 ~ What are the strengths and weaknesses of the DEFINE
model?

Sub-question3  What are relevant policy levers from the European Green
Deal which can be included in the DEFINE model?

Sub-question4  What are the long-term results of the European Green
Deal’s (fiscal) policies based on the model analysis?

Regarding the presentation of results and the concluding recommendations, the follow-
ing considerations should be made:

Sub-question5  What do the model findings mean for the European Green
Deal as the EU’s climate mitigation strategy?

Sub-question6  Whatare the limitations of the analysis and its findings and
how should future work in the field be approached?

1.4 Reportstructure

The report structure follows the logic of the sub-questions listed above. The report has
started with an Executive Summary synthesising the thesis process and findings, fol-
lowed by an introduction in Chapter 1. Chapter 2 covers the European Green Deal in
depth, while Chapter 3 features a description of the DEFINE model and its characteristics.
The outcomes of the previous chapters are put together through a policy operationalisa-
tion in Chapter4, and results are produced in Chapter5. The main findings are discussed
in Chapter 6, and the research is concluded in Chapter 7, providing policy recommenda-
tions and acknowledging the limitations of the analysis.

1.4.1 Research flow

In order to answer the sub-questions posed in Section 1.3.3, a conceptual research flow
diagram has been constructed in Figure 2. The first step is to understand the European
Green Deal at a deeper level, including its aims and the economic significance of its
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policies. These policies are framed under the potentially catastrophic consequences of
climate change and the cost of global inaction. The need for a global policy response is
also discussed.

Secondly, the DEFINE model is contextualised and its main characteristics are discussed
in depth, including its subsystems and the differentiation between green and conven-
tional economic activity. The strengths and weaknesses of the model are discussed in
the context of the application proposed in this thesis.

The third step involves the operationalisation of the policies discussed within the Euro-
pean Green Deal, in order to define a policy input for the model. Hence, the three main
policy inputs are discussed and relevant assumptions are listed. Finally, a scenario tree is
developed, setting the stage for model simulation and analysis.

The fourth step is the presentation of the model simulation and results. The model
settings and general specifications are listed first, followed by a delineation of the key
performance indicators (KPI), which are discussed in four thematic clusters. This part of
the thesis concludes with the presentation of results and model validation.

The penultimate section is the analysis of results and discussion of the general impli-
cations. The impact on the KPI clusters is discussed in depth, as well as system-level
insights through the behaviour under the different scenarios. This section ends with a
discussion on the implications for the European Green Deal, as the model results can
illustrate the effectiveness of the Deal’s policies at a global level.

In the conclusions, the added value of this thesis is presented, along with the limitations
of the approach, and some policy recommendations and reflections drawn from the
analysis and aided by the literature. Future work avenues are also presented.
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Global warmingand climate change have traditionally been the terms used to refer to the
environmental consequences of post-industrial greenhouse gas emissions. These terms
have a clear scientific connotation, as until recently discussions were mostly started
in academic circles. However, the European Parliament, along with other legislating
institutions around the globe, declared a climate emergency in November 2019, calling
on the EU to submit a strategy to reach climate neutrality as soon as possible (European
Parliament, 2019), illustrating the need for urgent action at a governmental (regional
and national) level as well. In this chapter, this urgency is explained through the cost
of global inaction, the need for policy intervention, and finally by answering what the
European Green Deal is, and what its aims and significance are.

2.1 The costof global inaction

Climate change represents an existential threat to human life in its current form. The
catastrophic consequences that would follow surpassing certain temperature thresholds
defined by climate scientists could displace millions of people, reshaping our society and
threatening economic prosperity. These thresholds, known as tipping points, are pre-
dicted to trigger non-linear increases in climate-related disasters, and have irreversible
effects on the dynamics of the climate system (Heutel, Moreno-Cruz, & Shayegh, 2016).
Other relevant thresholds are those related to large ecosystems, such as the Amazon
(Nobre & Borma, 2009), as its survival is essential to the Earth’s ability to capture carbon.
In this context, the Intercontinental Panel on Climate Change (IPCC) stressed the im-
portance of keeping global warming within 1.5°C above pre-industrial levels in its most
recent report (Allen, Babiker, Chen, & de Coninck, 2018b).

The same report outlines some of the extreme consequences that would arise undera 2°C
warming scenario by the end of the current century. For instance, there would be a sharp
increase in the population’s exposure to extreme heatwaves; it is estimated that 420
million more people will be exposed to them under a 2°C scenario relative to 1.5°C (Buis,
2019). These differences are illustrated in Figure 3. On a related note, water scarcity will
become more prevalent, as droughts will be more widespread. They will be particularly
impactful in the Mediterranean, Southern Africa, South America and Australia, with 61
million more people affected in urban areas under a 2°C scenario (Buis, 2019).

On the flip side, some areas will see increased rainfall and flooding, such as North Amer-
ica, Northern Europe, Northern Asia and Southeast Asia (Buis, 2019), with large pop-
ulation centres suffering major material damages. Finally, the melting of the ice caps
will increase coastal flooding and generally raise the sea level, rendering many coastal
settlements uninhabitable or at least extremely vulnerable. Under one of the more pes-
simistic representative concentration pathways (RCP), RCP8.5, which are greenhouse
gas concentration pathways used by the IPCC, there will be an increase of 52% of the
world’s population and 46% of global assets at risk of flooding by 2100 (Kirezci et al.,
2020).

19



Change in number of hot days (NHD) at Change in number of hot days (NHD) at Difference in number of hot days
(2.0°C - 1.5°C)

1.5°C GMST warming 2.0°C GMST warming

R S S R
R St
s s e e
RIS

days -
10 20 30 40 50 60 70 %75,5 5 75 10 125 15 175 20

Figure 3: Change in number of hot days between between a 1.5°C scenario and a 2°C sce-
nario, obtained from Allen et al. (20182). The figures illustrate the increase in prevalence
of extreme heatwaves in most regions, particularly in the tropics.

However, the economic damages that result from climate change are not limited to its
impact on assets and capital stock, the labour force would be affected as well. Climate
disasters can destroy infrastructure and floods can lead to the abandonment of coastal
capital (Dietz & Stern, 2015; Taylor, Rezai, & Foley, 2016), while the adverse impacts that
climate change has on human health can reduce labour force participation. Finally, both
labour and capital will become less productive, as the harmful conditions under which
firms could operate will constrain labour productivity (Taylor et al., 2016), creating a
hostile environment in which capital is used less effectively (Dietz & Stern, 2015). In
these conditions, the financial markets would collapse in an unprecedented manner,
due to the high rate of default of firms, and the inability to insure certain assets against
climate-related risks (Bolton, Despres, Da Silva, Samama, & Svartzman, 2020). Under
these levels of economic and financial uncertainty, the livelihoods of millions would
certainly be under threat, creating unpredictable migration away from heavily damaged
areas and, ultimately, exacerbating conflict.

2.2 The need for policy intervention

As discussed in Chapter1, itis both humanity’s interest and responsibility to act against
the climate crisis in a coordinated and global manner. Action needs to be systemic, and
be taken at all levels of government, business and society. On a scientific level, the
IPCC concludes that “Strengthening the capacities for climate action of national and
sub-national authorities, civil society, the private sector, indigenous peoples and local
communities can support the implementation of ambitious actions implied by limiting
global warming to 1.5°C” (Allen et al., 2018b). On a political level, climate action needs to
take centre stage to avoid major catastrophes, as Barack Obama stressed in his address
to COP21: “We are the first generation to feel the impact of climate change, and the last
generation that can do something about it” (Obama, 2015).

The need for action follows almost 30 years of UN Climate Talks (Council on Foreign
Relations, 2021), which started with some of the firstinternational agreements on climate
change at the Rio Earth Summit in 1992. The next major agreement was the Kyoto
Protocol (United Nations, 1997), which was the first legally binding treaty requiring high
income countries to reduce emissions. The Protocol entered into force in 2005 (Council
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on Foreign Relations, 2021), and was extended until 2017 due to lack of agreement on

more ambitious aims in the midst of the financial crisis.
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Figure 4: A brief timeline of the history of UN Climate Talks from 1990 to 2016, obtained
from United Nations Framework Convention on Climate Change (2017).

The distributional concerns of climate change were on full display in 2013 (Council on
Foreign Relations, 2021). The lead negotiators of the G77, a large group of low and middle
income countries, walked out of the talks after high-income countries rejected a funding
mechanism that would help vulnerable countries deal with climate-related damages.
The narrative changed in 2015, when the Paris Agreement was signed (United Nations,
2015), requiring most signing countries to set emissions reduction goals. However, the
US’s withdrawal under President Trump first (the US recently rejoined the agreement
under the Biden administration), and the COVID-19 pandemic later, have stalled further
talks and commitments, particularly those related to specific policy actions. A summary
of the timeline until 2016 is shown in Figure 4.

Despite the apparent activity over this 30-year period, most climate negotiations have
led to standstills, and at best, emission targets set far into the future (Schroder & Storm,
2020). There has been no coordinated policy action at the international level, and so
most climate policies have been approved at the national and sometimes, in the case of
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the EU, at the supranational level. Planned and enacted measures cover a wide range of
policy areas and levels, from energy to waste management, from national to local.

Under the umbrella term of green transition, the European Commission (2021a) covers
climate action and sets goals for emissions reduction. Under climate action are under-
stood the development of sustainable transport infrastructure, the enhancement of
energy efficiency in buildings, and coastal protection measures in areas vulnerable to
rising sea levels. There is also a commitment to remove barriers to finance clean energy
initiatives, facilitating the rise in renewable energy share. Furthermore, a commitment
is made to not leave anyone behind, supporting communities that are heavily reliant on
carbon-intensive activities. Finally, public and private financing considerations for green
projects are made, using both fiscal and monetary tools. These policies are supported by
the EU’s green growth strategy, the European Green Deal (European Commission, 2019),
which is discussed in depth below.

2.3 Thespirit of the European Green Deal

Following the ratification of the Paris Agreement, and the publication of the IPCC’s Special
Report on the impacts of global warming of 1.5°C above pre-industrial levels (Allen et al.,
2018b), the European Commission published a strategic long-term vision for a climate
neutral economy, under the title “A Clean Planet for All” (European Commission, 2018).
This vision simply proposed a policy direction for the bloc to take, but opened a debate in
EU policy-making circles, foreshadowing the publication of the European Green Deal in
late 2019.

2.3.1 Whatis the European Green Deal?

The European Green Deal (EGD) is defined by the European Commission (2019) as the
EU’s policy response to the challenges of climate change. It is a growth strategy thataims
to transform the EU into a modern and fair society, empowered by a resource-efficient
and competitive economy. The more specificaim outlined in the Commission’s commu-
nication is the net zero greenhouse emissions target by 2050, and the decoupling of
economic growth from resource use. Moreover, it seeks to achieve these economic tar-
gets while conserving and enhancing the EU’s natural capital, and protecting the health
and well-being of its citizens. Finally, it highlights the need for the transition to be just
and inclusive, considering the prevalent inequalities within and across member states,
acknowledging regional differences and challenges, and not leaving anyone behind. The
main elements of the EGD are presented in Figure 5.

2.3.2 The policy significance of the EGD

The EGD is the defining policy proposal of the von der Leyen Commission. It was pre-
sented a few days after the new College of Commissioners took office in late 2019, clearly
defining where the main priorities of the new administration would lie. The European
Commission recognised in its presentation that the emissions’ targets set previously
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Figure 5: The main policy pillars of the European Green Deal, as summarised by the
European Commission (2019).

would only achieve a 60% reduction by 2050 (European Commission, 2019), and so the
medium term targets, in this case for the year 2030, had to be more ambitious. Hence,
under the EGD, greenhouse gas levels in 2030 are set to be at least 55% lower than in
1990.

In order to achieve this, the Commission committed to the revision of all climate-related
policies before July 2021, under a new legal framework called the European Climate Law,
introduced in March 2020 (European Commission, 2020b). The law not only includes the
new emissions target for 2030, but also addresses the necessary steps the Commission
needs to follow to successfully reach the 2050 target. Finally, it requires member states
to develop resilient adaptation strategies aimed at reducing vulnerability to the effects
of climate change.

The ECGD recognises that the challenge we are facing encompasses a variety of sectors,
and so policy choices need to be coordinated across the board. For instance, the EGD
stresses the need for a new industrial policy, as the transformation of energy-intensive
sectors will have a great impact on overall emissions. Hence, the opportunities of the
digital transformation, arising in parallel to and in conjunction with the EGD, can be
leveraged to keep EU industry competitive while achieving climate objectives.

Finally, the EGD stresses the need to have contingency plans if the EU’s international
partners do not follow its lead on emissions reduction. The EGD acknowledges the preva-
lence of carbon leakages in the EU’s supply chain, and proposes the creation of a carbon
adjustment mechanism to reduce these leakages (European Commission, 2019). This
measure is designed to not only meet emission targets, but also to protect greener Euro-
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pean alternatives from cheaper, carbon-intensive competition outside the EU. In order
to avoid geopolitical tensions, some authors suggest coordinating these adjustment
mechanisms with third parties, and engaging oil- and gas-exporting economies to facili-
tate their diversification towards renewable energy generation (Leonard, Pisani-Ferry,
Shapiro, Tagliapietra, & Wolff, 2021).

2.3.3 The economic dimension of the EGD

The main policy pillar of interest in this thesis is the European Green Deal Investment
Plan (EGDIP), as it covers the policy inputs that can be operationalised for the analysis. In
broad terms, the EGDIP looks to mobilise at least €1 trillion in sustainable investments
over the 2021-2030 period (European Commission, 2020a). Besides this direct funding
device, the EGDIP aims to create a framework to facilitate sustainable investments for
public and private investors, and also to provide support to publicadministrations and
project managers in the identification and execution of sustainable projects.

WHERE WILL THE MONEY COME FROM?
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Figure 6: A breakdown of the policy components of the European Green Deal Investment
Plan (EGDIP), obtained from European Commission (2020a).

The main components of the investment plan are presented in Figure 6. The main con-
tribution comes from the EU budget, featuring €503 billion dedicated to climate action
and the environment. The Commission specifically proposed for 25% of the 2021-2027
budget to be dedicated to these efforts (European Commission, 2020a). Moreover, €114
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billion are expected to come via co-financing from member states, triggered by the EU
budget, bringing the cumulative green public investment to €617 billion.

The EU is perceived to be leading the charge regarding sustainable finance (Janse &
Bradford, 2021). Hence, the second largest contribution to the EGDIP comes from the
financial sector, under the guarantees provided by the InvestEU programme. InvestEU is
the EU’s main investment programme, attracting and mobilising private investment in
line with EU policy (European Commission, 2021b). This scheme expects to mobilise at
least €279 billion through national banks, international financial institutions and the
European Investment Bank (EIB). In fact, the EIB has specifically committed to increase
its share of lending activity dedicated to climate action and environmental sustainability
to 50% by 2025 (European Investment Bank, 2020). Policymakers hope that these signals
sent by the EU’s publicinvestment bank are just the beginning, and that the overall levels
of mobilised investment are higher than the projected €279 billion.

Furthermore, the EGDIP predicts that €25 billion will come from the EU Emissions Trading
System (ETS), which is the EU’s cap-and-trade system for carbon emissions. This scheme
currently covers around 40% of total greenhouse emissions in the EU (European Com-
mission, 2017b), with its coverage slowly increasing every year. Moreover, according to
the ETS directive, at least 50% of revenues, which are received by member states, should
be dedicated to climate and energy-related purposes (European Commission, 2017a); in
the period 2013-2019, 79% of ETS revenues were recycled for this purpose.

Finally, the EGDIP acknowledges the inequalities embedded in the transition by incorpo-
rating the Just Transition Mechanism (JTM) as part of its policies (European Commission,
2020a2). To make sure that no one is left behind, €143 billion will be financed using the
tools presented above, ensuring that those areas that are heavily dependent on carbon-
intensive employment have the funds to transition. These funds partially overlap with the
other components of the EDGIP, adding up to the €1 trillion promised in the plan.

2.4 Policy context summary
SQ1: Whatisthe European Green Deal and whatareits stated aimsand policies?

In Chapter 2, the climate crisis has been discussed in depth, the need for policy interven-
tion has been motivated, and the aims of the European Green Deal as a holistic policy
package have been outlined. The societal consequences of climate change clearly en-
compass a variety of policy areas that are interlinked, and so the policy response needs to
be coordinated and compact. The main aim of the EGD, which is to make Europe carbon
neutral by 2050, can only be reached through this type of comprehensive response, which
is why the economic dimension of the Deal is so important to begin building the required
infrastructure and processes to fulfil the green transition. The funding mechanisms pre-
sented, embedded within the EGDIP, attempt to transform the European economy from
multiple perspectives and involving various actors, committing to the systemic transfor-
mation that the climate emergency requires. In upcoming chapters, these mechanisms
are operationalised in DEFINE and theirimpact on the global economy is assessed.
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The choice of a macroeconomic model as the main tool used to answer the research
question acknowledges the uncertain nature of the macroeconomy as a system, and
the need to simplify its components to understand its dynamics. Of course, modelling a
socio-technical system comes with its own set of difficulties, including conceptualisation,
data gathering, and validation. However, the main challenge perhaps resides in making
a somewhat correct interpretation of the results, being aware of the limitations of the
model and understanding how these play into what the results suggest. In this chapter,
the DEFINE model is summarised with a focus on the components that make it useful in
the context of this thesis. At the end, the main strengths and weaknesses of the model
are discussed in detail.

3.1 Anecological, post-Keynesian macroeconomic model

According to its authors, the DEFINE (Dynamic Ecosystem-FINance-Economy) model is
a stock-flow-fund ecological macroeconomic model, that seeks to analyse interactions
between the ecosystem, the financial system and the macroeconomy (Dafermos, Galanis,
& Nikolaidi, 2018). Its main aim is to examine economic policies that will allow society
to live prosperously within the biophysical limits of the planet, following the ecological
macroeconomics tradition (Jackson, 2009; Rezai et al., 2013).

The stock-flow-fund elements of the model come from the post-Keynesian tradition,
combining the stock-flow-consistent approach of Codley and Lavoie (2006) and the flow-
fund model of Ceorgescu-Roegen (1971). In doing so, DEFINE provides an integrated
approach that allows the analysis of physical and monetary stocks and flows (Dafermos,
Calanis, & Nikolaidi, 2018). Some of the physical laws and economic principles integrated
in the model are the laws of thermodynamics, the relationship between greenhouse
emissions and temperature, the material damages due to the changing climate, the
endogeneity of money, and the influence of finance in economic activity.

Inthe past, DEFINE has produced various future scenarios for the economy and the ecosys-
tem under a handful of different policies. It was initially proposed in 2015 (Dafermos,
Nikolaidi, & Galanis, 2015), and the first results employing a variety of green finance
policies were published in 2017. In more recent iterations, the role of green quantita-
tive easing and financial stability under climate change have been studied (Dafermos,
Nikolaidi, & Calanis, 2018). Moreover, green fiscal policies, such as carbon taxes, green
subsidies, and green publicinvestment, have also been analysed using DEFINE (Dafer-
mos & Nikolaidi, 2019). Finally, climate-related financial risks were explored in detail in
the most recent publication using the model (Dafermos & Nikolaidi, 2021b).

The results and implications presented in this thesis build on this previous work, particu-
larly on the analysis of green fiscal policies, this time using the EGDIP as the main policy
input. In order to do so, it is essential to understand the main features of the model, and
the different channels through which they interact.
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3.2 Characteristics of the DEFINE model

The most recent iteration of the DEFINE model (Version 1.1) is presented in the model’s
manual, which is the source used throughout this section (Dafermos & Nikolaidi, 2021a).
The manual features 185 equations placed in two main subsystems: (i) the ecosystem, and
(ii) the macroeconomy and financial sector. Moreover, the manual features 2018 initial
values for all endogenous variables and parameters in the baseline scenario; these will
be discussed more extensively in Chapter 4. The complete list of equations is available
in the Appendix, and the manual can be downloaded from the DEFINE website. The
upcoming sections provide a full qualitative overview of the model.

3.2.1 Greenand conventional economic activity

Before examining the model structure, it is important to understand why the model
distinguishes between green and conventional economicactivity. Both publicand private
investment can be green or conventional, leading to green and conventional capital
accumulation. This allows a distinction between green and conventional loans and
bonds, which are the main tools that firms can use to finance their activity. By influencing
the availability of loans and bonds for green or conventional investments, green financial
policies can be enacted supporting the development of a low-emission economy.

Moreover, the model distinguishes four private sectors: ‘mining and utilities’ (S1), ‘manu-
facturing and construction’ (52), ‘transport’ (S3) and ‘other sectors’ (S4). All sectors can
accumulate green and conventional capital. The aim of this disaggregation is to identify
how ‘dirty’ the loans given to these sectors are, defined as the ratio between the carbon
emissions the sector generates relative to its gross value added. These distinctions al-
low for further restrictions on dirtier investment projects, facilitating the greening of
the economy across the board. For the purposes of this breakdown, the government is
treated as a separate sector, that can accumulate both green and conventional capital as
well.

3.2.2 Model structure

Atthe macro-level, the model interactions can be summarised in seven separate channels.
By disaggregating the financial system and the macroeconomy (which in DEFINE are
portrayed as a common subsystem), the model can be conceptualised as presented in
Figure 7. As expected, there is a clear feedback between the macroeconomy and the
ecosystem, happening through four separate channels.

The macroeconomy affects the ecosystem through depletion and degradation. As neces-
sary inputs for the production process, matter and fossil energy are extracted; this process
depletes the planet’s finite natural resources. Moreover, higher economic activity leads
to CO, emissions and the generation of hazardous waste, which degrade the ecosystem
through rising temperatures and the harmful effects of waste accumulation.

In return, the ecosystem affects the macroeconomy through climate damages and nat-
ural resources’ constraints. As discussed in Section 2.1, climate damages can destroy
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Figure 7: Highly aggregated conceptual model of DEFINE, obtained from Dafermos et
al. (2017). The main interactions between the ecosystem, the macroeconomy and the
financial sector are presented.

capital and reduce capital and labour productivity. Moreover, they can negatively affect
the behaviour of households and firms, reducing consumption and investment expendi-
ture and, ultimately, economic growth. The previous depletion of resources can further
deteriorate economic activity, as supply-side resource constraints arise.

Finally, the financial system and the macroeconomy are related through three channels:
green financing, growth and financial (in)stability. The financial system can foster eco-
nomic growth through the provision of credit, increasing investment. By facilitating
green financing, banks and central banks can contribute to the green transition and
decouple economic growth from environmental issues. In return, the growth of the
macroeconomy can expand the financial system, leading to higher financial instability
due to higher leverage ratios. Low economic activity could generate debt repayment
issues, creating similar instabilities, and so a balance is desired.

3.2.3 Theecosystem

In DEFINE, the ecosystem relies on two accounting matrices looking at physical rela-
tionships between stocks and flows. The first is the physical flow matrix (Table 4 in the
Appendix), which captures the First and Second Law of Thermodynamics. Thus, in the
model, energy and matter cannot be created or destroyed, only transformed during
the economic processes, where low-entropy energy (i.e., fossil fuels) is transformed into
high-entropy energy (i.e., dissipated heat). Hence, the material and energy balances add
up to zero in the model.

The second matrix is the physical stock-flow matrix (Table 5 in the Appendix), which
illustrates the changes in physical stocks relevant to human activity, through additions to
and reductions of stock. These are the material and fossil energy reserves, the cumulative
CO, emissions, the socio-economic stock and the cumulative hazardous waste. In this
matrix, matter and energy resources are converted to reserves, which are available for
use in economic processes; this conversion is relevant for human activities, but does not
represent a physical transformation. Note that cumulative CO, emissions and hazardous

28



waste do not have outflows in this model.

In the upcoming subsections, the content of the equations in the ecosystem is sum-
marised.

Matter, recycling and waste

The goods produced every yearin the global economy require a specificamount of matter
to be produced, which can be extracted or recycled. Recycled matter depends on the
recycling rate and the amount of discarded socio-economic stock, which is the material
content of the sum of all capital goods and durable consumption goods.

Waste is obtained as the residual from the material balance in the physical flow ma-
trix, a small proportion of which is hazardous and accumulates. The mass of carbon
used as input in the material balance is estimated from industrial emissions. Finally,
material reserves decline when matter is extracted, and increase when resources are con-
verted; a matter depletion ratio is defined based on matter extracted relative to material
reserves.

Energy

Energy can be generated either from fossil or non-fossil sources, and is a function of
output and energy intensity. Fossil energy reserves change every year based on the
conversion of fossil resources and the use of fossil energy. The energy depletion ratio is
defined as the fossil energy extracted relative to remaining reserves.

Emissions and climate change

Industrial CO, emissions are generated due to the use of fossil fuels (although a pro-
portion does not enter the atmosphere), and due to changes in land use. Atmospheric
temperature becomes higher as cumulative carbon emissions increase, using the rela-
tionship formulated by Dietz and Venmans (2019).

Ecological efficiency and technology

Overall ecological efficiency of production changes based on a set of efficiency indicators.
High material, CO, and energy intensities lower overall efficiency, while high recycling
and sequestration rates, and high shares of non-fossil energy increase it. CO, intensity
change is exogenous, while all other indicators change endogenously using logistic
functions. These functions assume that their corresponding efficiencies depend on the
ratio of green to conventional capital, where more green capital leads to higher overall
efficiency. A more nuanced explanation of these indicators can be found in the manual
(Dafermos & Nikolaidi, 2021a).

3.2.4 Macroeconomy and financial sector

The macroeconomy and financial sector also rely on two accounting matrices, in this case
looking at monetary stocks and flows. The first is the transactions flow matrix (Table 6
in the Appendix), which captures the transactions taking place between the different
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sectors of the economy (households, firms, banks, government and central banks), in-
cluding revenues, expenditures and changes in financial assets and liabilities. Current
and capital accounts are differentiated, as current accounts register payments made or
received while capital accounts portray investment funding in real and financial assets.
In this matrix, total monetary inflows are equal to outflows in the aggregate.

The second matrix is the balance sheet matrix (Table 7 in the Appendix), which shows the
assets and liabilities of the economic sectors. Following the accounting principles, at the
aggregate level, financial assets should equal financial liabilities; these include loans,
bonds, government securities, high-powered money and advances. The net worth of the
global economy is then the sum of real assets, including firm and government capital
stock, and the durable consumption goods of households.

In the upcoming subsections, the content of the equations in the macroeconomy and
the financial sector is summarised.

Output determination and climate damages

In DEFINE, potential output is defined as the minimum value of four different types of
output: matter-determined, which depends on material reserves; energy-determined,
which depends on fossil energy reserves and the renewable share; capital-determined,
which depends on capital stock and capital productivity; and labour-determined, which
depends on labour productivity and the total hours worked in the economy. On the
other hand, actual output is demand-determined, as the sum of private and government
consumption and investment. Utilisation and employment rates are obtained from the
ratios of actual output to types of potential output, illustrating capital and labour scarcity
as they approach a value of 1.

Moreover, climate damages affect both capital and labour productivity and the capital
stock and the labour force themselves, in line with the literature (Dietz & Stern, 2015;
Tayloretal., 2016). Aggregate demand is affected by the induced investment fears that
catastrophes have on entrepreneurs and the increased propensity to save by households
for precautionary reasons. Climate damages also affect the four different types of po-
tential output, leading to capital and labour scarcity. Finally, the gross damage function
used in this model follows the recent literature on high-temperature damages (Dietz &
Stern, 2015).

Firms

As specified in Subsection 3.2.1, firms are split in four different sectors, allowing for differ-
ent mixes of conventional and green investment, and under green financial regulation,
different access to loans. Their total gross profits depend on total output and their costs,
including wages, the interest paid on loans, the coupon payments paid on bonds and
capital depreciation. A certain percentage is retained by the firms, which also pay profit
and carbon taxes, and can receive subsidies from the government.

In the model, firms desire a certain level of investment, which is financed via retained
profits and external finance (bonds and loans). However, only a proportion of the new
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loans are provided, as the model assumes a quantity rationing of creditimposed by banks.
Total desired investment is affected positively, in a non-linear manner, by the profit rate
and the rate of capacity utilisation, in line with Kaldor (1940). Itis also negatively affected
by the unemployment rate if it is very low, in line with insights by Kalecki (1945). Finally,
resource and energy scarcity can dampen investment at very severe depletion levels.
Overall, desired investment relies on the idea that demand declines when it approaches
potential output.

Moreover, the share of total desired investment per sector is determined based on their
shares in gross value added. The share of desired green investment depends on three
factors: (exogenous) changes in environmental preferences and institutional change,
the cost of green capital relative to conventional capital, and the borrowing cost to invest
in green capital relative to conventional capital.

Oncethelevel ofinvestment has been determined following the rationing of credit, green
and conventional capital can accumulate. Capital can also depreciate, both naturally and
in an accelerated manner due to climate damages. Labour and capital productivity are
also affected by climate damages, while labour productivity specifically can also grow
due to exogenous technology factors. Since the wage share is exogenous, the wage rate
grows at the same rate as labour productivity.

Households

The gross disposable income of households is composed of wage income, firm and bank
distributed profits, interest payments received on bank deposits, on government secu-
rities held and on corporate bonds held. After tax, households’ consumption depends
on lagged income and lagged financial wealth, and can be affected by supply-side con-
straints due to climate damages.

Moreover, household wealth accumulates every year following asset allocation decisions,
which are driven by alterations in the relative rates of return, changes in the transactions
demand for money, and climate damages. Finally, the growth rate of population follows
UN projections and affects the labour force, which is further affected by the accumulation
of hazardous waste and its effect on human health.

Banks

Bank profits are the sum of the interest received on loans and government bonds held by
the banks, minus the interest paid on deposits and advances given by the central bank.
The change in their capital is equal to their undistributed profits minus the amount of
defaulted loans plus any government bailouts.

Moreover, banks impose credit rationing on firms, as they are less willing to lend when
the financial position of borrowers worsens. The credit rationing depends specifically on
the debt service ratio of firms, and the capital adequacy ratio of banks; by introducing
differentiated capital requirements for green and conventional loans, green investment
can be favoured.

The risk weights of conventional loans, used to determine the credit rationing, are func-
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tions of the degree of dirtiness of each sector. They also determine the lending spread for
each sector, which set the interest rate for loans in that sector. The risk weight of green
loans equally determines the green spread.

Government sector

Covernment revenues are the sum of taxes on household income, firms’ profits and
carbon, as well as profits received from the central bank. Government expenditures
include government consumption, green subsidies and interest paid on government
issued debt. The difference between current revenues and expenditures constitutes the
government net saving. This balance does not include investment spending, which is
balanced through government issued securities.

The proportion of public investment spending relative to GDP is set exogenously, both
for green and conventional publicinvestment. A degree of carbon revenue recycling can
be introduced in the model, whereby a certain percentage of carbon taxes are converted
to green subsidies given to firms. Carbon taxes are exogenously determined, and their
revenue is linked to industrial emissions.

Central banks

The role of central banks in the model is to determine the base interest rate, provide
liquidity to banks, buy government securities and buy corporate bonds through quanti-
tative easing. Their profits are determined based on the revenue streams related to their
role, mostly through interest and coupon payments.

3.3 Model application

The DEFINE model was chosen as the main analytical tool used in this thesis partially due
tothe attention to detail placed on often under-modelled areas of the economy. Moreover,
DEFINE offered clear results on a variety of aggregate economic and environmental
indicators. However, this high level of aggregation can limit the applicability of the
results, particularly when presented to policymakers. In this section, the strengths and
weaknesses of DEFINE are discussed in detail, as the considerations made here influence
the way in which the policies of the European Green Deal are operationalised.

3.3.1 Strengths

The conceptual model of DEFINE shown in Figure 7 clearly outlines the main strength of
the method: the thoroughly defined feedback channels between the macroeconomy
and the ecosystem. In acknowledging not only the effect of emissions caused by eco-
nomic activity, but also the depletion of natural resources, the model produces a more
complete overview of the damage that uncontrolled dirty economic activity can do to
the environment. In addition, the depletion of natural resources imposes supply-side
constraints on economic activity, leading to a reduction in potential output, already
harmed extensively by economic damage on labour and capital. The integration of all of
these channels into a cohesive representation of the system allows us to draw valuable
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conclusions at an aggregate level, as no significant economic or environmental elements
have been assumed away.

In particular, the inclusion of the financial sector and its relationship with the rest of
the economy is a major strength of the DEFINE model. Most standard IAMs do not
incorporate the financial system and simply assume that the funds required to finance
(green) investment will be smoothly mobilised out of savings. Doing so, these orthodox
approaches define away a major dimension of the macroeconomic system, because
they ignore the non-negligible policy problem of how climate action can and should be
financed, as well as the non-neutral impacts of different ways of financing climate policy
on the economy and the climate system.

Moreover, the distinction between desired investment and actual investment, after the
introduction of credit rationing, not only provides a more realistic representation of the
challenges that firms face in financing their activity, but also allows us to test different
financial policies that can steer economic activity in a green direction. Finally, it allows us
to understand whether the financial sector is headed towards the “green swan” events
described by Bolton et al. (2020) under climate damage stress, which would have catas-
trophic effects on the ability of firms to operate, and ultimately affect the livelihoods of
millions as firm default rate rises.

In terms of policy implementation, DEFINE can handle a variety of measures affecting
abroad range of economic policy areas. In the past, the model has been used to analyse
the impact of fiscal, financial and monetary policies, through the lens of an economy
that differentiates between green and conventional economic activity. Given that the
European Creen Deal goes beyond an aggregate fiscal plan, the model’s versatility and
ease of policy implementation allows us to identify the individual and collective effects
of the EGD’s policies, as well as how they interact with each other. In particular, being
able to introduce different carbon tax pathways and exogenously set the level of green
publicinvestment makes DEFINE suitable for this policy analysis.

3.3.2 Weaknesses

For all of DEFINE'’s strengths, its main weakness as a tool for the purposes of this the-
sis is obvious: the level of aggregation does not capture regional effects. Hence, any
recommendations made to EU policymakers should be accompanied by an assessment
of how the EU fits as a player in the global economy. As a consequence, the analysis is
exploratory in nature, and seeks to determine the level of policy intervention that the
global economy should undergo. An implementation of the DEFINE model that would
focus exclusively on the European economy would require defining regional clusters
within the model, that would trade goods and services and financial assets with each
other; this level of analysis is beyond the scope of this thesis.

Related to the level of aggregation is the homogeneous implementation of economic
policies. The green transition will phase out millions of jobs in certain industries, such
as coal mining. Hence, certain regions dependent on carbon-intensive industries will
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require heavy investment in re-training programmes, as well as government support
to develop a sustainable business environment. In the EGD, these concerns are tackled
by the Just Transition Mechanism, which will allocate funds based on regional needs.
However, the global nature of the model prevents us from specifying different policy
proposals based on these regional characteristics, and so some distributional nuance of
the impact of the policies is lost.

Finally, the breakdown of private industrial sectors and their corresponding emissions
still occurs at a high level of aggregation, and so targeted industrial policies are hard to
infer from the model’s results. DEFINE does not identify specificeconomic activities that
should be phased out, or on the contrary encouraged due to their sustainable nature. The
model assumes a certain degree of dirtiness for each private sector, and trusts decision
makers will allocate funding efficiently within those sectors. Of course, this level of detail
would be extremely complex to model and data would be scarce, but itis an important
assumption that the model is implicitly making that should be noted.

3.4 Model choice synthesis
SQ2: What are the strengths and weaknesses of the DEFINE model?

In Chapter 3, the DEFINE model has been contextualised in recent literature, its main
characteristics have been described and its components conceptually mapped, and its
strengths and weaknesses have been identified. In short, DEFINE is an aggregated model
of the global economy that captures a plethora of system-level effects between the
macroeconomy and the ecosystem, incorporates the financial sector and can handle a
variety of economic policies that can steer green growth. Despite the level of aggregation
and lack of regional effects, the model features a thorough overview of the decision-
making of the economy’s main actors (firms, households, banks, government and central
bank), which raises the level of confidence placed in the results presented in the upcom-
ing chapters.
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Translating the policy aims and proposals of the European Green Deal Investment Plan
into an input that can be processed by the DEFINE model is not an easy task. As a global
model, DEFINE requires inputs that are scaled up from a European level, butin doing so,
one must also recognise differences in how the economy is composed. After all, the EU
is composed of mostly high- and some middle-income countries, and so its economic
composition will diverge from the global average. In this chapter, these complications
are identified and a set of assumptions is formulated to convert the policies outlined in
the EDGIP into a valid input for the DEFINE model.

4.1 Policy demarcation

In order to operationalise the EDGIP’s policies, it is first important to determine which
components of the plan can be translated. As discussed in Chapter 3, the global nature
of the DEFINE model prevents us from considering regional effects. The Just Transition
Mechanismis a policy that seeks to ensure that the transition is fair to all EU citizens, and
so allocates project funds unevenly to support regions that are dependent on carbon-
intensive industries. Since the JTM can be perceived as a set of transactions within the
European economy, it does not need to be explicitly modelled when using a method
that analyses aggregate effects. However, policymakers should be aware that conflict
between member states and the EU could arise as the JTM is implemented. For instance,
lock-in effects (Klitkou, Bolwig, Hansen, & Wessberg, 2015) opposing the green transition
are already prevalent in some of these carbon-dependent areas, such as the coal-mining
towns in southern Poland (Abnett, 2021). For now, these distributional implications are
beyond the scope of this thesis, which focuses on the other aggregate components of the
EDGIP

The rest of the EDGIP can be splitin three different policy levers, which are the backbone
of the analysis conducted in this thesis. The first one is the increase in green publicin-
vestment, which includes the contribution of the EU budget to climate and environment,
as well as the national co-financing structural funds. The second lever relates to the EU’s
carbon emissions’ reduction system, which is a cap-and-trade scheme with the same
aim as a carbon tax. The final lever relates to the green lending programmes backed by
the EU under the InvestEU programme. The translation of these three components to
model inputs is discussed in detail in the upcoming subsections, including the relevant
assumptions made to operationalise them. Finally, it is important to note that the EGP
has a policy horizon of ten years (2021-2030), while the model runs until the year 2100 to
grasp the environmental and economic consequences at the end of the century. Hence,
besides operationalising the EGDIP itself, the following subsections outline the assump-
tions made after 2030 for the three policy levers. All relevant assumptions are listed in
Table 1.

35



Table 1: List of assumptions associated to the operationalisation of the three main policy
levers featured in European Green Deal.

Summary of Policy Assumptions

Green public
investment

EU budget contributions and national co-financing funds are
aggregated in a lump sum of €617 billion over 10 years.

The share of green publicinvestment in GDP for the EGD’s period
is 0.45%, based on a yearly average of €61.7 billion in green public
investment, steady growth, and the EU’s GDP in 2019.

More ambitious scenarios feature a share of green public investment
in GDP between 1.5% and 1.75%.

Green publicinvestment share is kept constant beyond 2030 due to
policy uncertainty.

Carbon
taxation

The EU ETS is modelled as a carbon tax with associated price and
coverage pathways.

Carbon price pathways are obtained from the EU Reference Scenario
and the 2050 long-term strategy, producing two different pathways
that plateau at €400/tCO,.

Carbon Pathway A: €50/tCO5 (2030), €100/tCO5 (2040),
€200/tCO5 (2050), €400/tCO, (2070).

Carbon Pathway B: €100/tCO, (2030), €200/tCO, (2040),
€300/tCO, (2050), €400/tCO4 (2060).

The average exchange rate from 2018 is used at 1 EUR =1.1811 USD.

Emission coverage starts at 40% in 2020, and increases yearly by
0.5% or 1% depending on the scenario.

The revenue recycling rate is at least 50%; carbon tax revenues are
converted to green subsidies for firms.

Green
lending

The impact of the InvestEU scheme on the EGD is modelled by a
reduction in the green credit rationing.

The scaling factor between the EU and global economy is 0.1592,
using 2019 GDP data.

The reduction of green credit rationing has been calibrated using
Carbon Tax Pathway A and a GDP share of green public
investment of 0.45%.

Creen credit rationing has been permanently reduced by 88% to
match the €279 billion contribution to the EGD under InvestEU.

411 Green publicinvestment

In order to model the green publicinvestment (GPI) lever of the EDGIP, the contributions
from the EU budget and from national co-financing structural funds are aggregated,
adding up to €617 billion over ten years. The main reason for this approach is the global
nature of the model, as it does not consider complex institutional arrangements such as
those between the EU and its member states, particularly those related to fiscal policy.
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In the model, the government acts as a single decision maker, and so it is assumed that
the level of investment is set by the sum of both contributions.

Inthe model, green publicinvestmentis defined as an exogenous proportion of GDP. and
so the €617 billion should be translated as such. With this level of investment over the
next ten years, we obtain an average green expenditure of €61.7 billion per year. Using
data from 2019 (World Bank, 20202), this value is roughly equal to 0.466% of the EU’s
GDP Assuming the EU economy grows at a standard pace over the next few years, we
round this value down to 0.45%. Here, the assumption is that the proposed level of yearly
green public investment is equivalent to 0.45% of GDP in 2025, halfway through the
EGD.

However, this value represents the lower bound of green public investment under the
EGD’s set targets. Some authors, such as Storm (2020), have suggested a more ambitious
level 0f 1.5%, which can be set as a more ambitious public investment level. Interestingly,
the European Commission claims that 25% of the next EU budget is to be destined to
environmental and climate action (European Commission, 2020a). If EU member states
where to follow suit with this commitment, matching 25% of government expenditure
to green purposes, the share of green publicinvestmentin GDP would be about1.75%
(using the initial value of government investment set in the baseline scenario, defined in
Section 4.2).

Beyond 2030, the situation is unclear, as the European Commission (and most policymak-
ers) have relatively short policy horizons. It has been assumed for the most part that the
level of green publicinvestment as a percentage of GDP is kept constant beyond 2030, as
the transition will require further investment beyond that point. Overall, the green public
investment policy lever of the EGDIP is characterised by a substantial spending increase
in comparison to the status quo, with varying levels of ambition, and the expectation to
at least maintain the current commitment beyond 2030.

4.1.2 Carbontaxation

The EU’s Emission Trading System, which collects revenue from large carbon emitters,
is an emissions’ reduction system that is incompatible with the DEFINE model, which
features a standard carbon taxation scheme. Under certain assumptions, the carbon tax
and cap-and-trade are equivalent (Coulder & Schein, 2013), and are treated as such in
this thesis. In previous studies using DEFINE, the carbon tax is implemented by pricing
emissions along a tax pathway, which increases every year. Hence, the only way to model
the ETS’s contribution to the EGD is by creating an analogous carbon tax pathway, using
available projections and coverage data.

In contrast with the green public investment lever, the €25 billion contribution from
the ETS listed in the EDGIP cannot be easily converted to a policy input for DEFINE.
Thus, potential carbon tax pathways are obtained from the EU Reference Scenario report
(Capros et al., 2016) and the analysis report supporting the 2050 long-term strategy
(European Commission, 2018), which precede the EGD.
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Note that in this thesis, we consider scenarios with a high rate of carbon taxation to be
optimistic, as it is viewed from an environmental perspective. Hence, some of the more
pessimistic scenarios set the carbon price in 2030 to €50/tCO,, €100/tCO5 in 2040, and
€200/tCO4 by 2050 (from here on referred to as Carbon Tax Pathway A, or CTP-A). More
optimistic scenarios project €100/tCO, in 2030, and €200/tCO, by 2040 (from here on
referred to as Carbon Tax Pathway B, or CTP-B). These two trajectories have been linearly
interpolated between targets, and beyond the projection they plateau at €400/tCO,; this
occurs in 2070 for CTP-A, and 2060 for CTP-B.

Moreover, since the model uses US dollars as its monetary currency, the carbon prices
are converted using the average exchange rate from 2018,1 EUR =1.1811 USD (Exchange
Rates, 2021). We chose 2018 as it is the starting year for the model run (more on this
in Section 4.2). In addition, the ETS does not include all CO5 emissions in the EU, as its
coverage is sector-dependent (European Commission, 2017b). The coverage has been
raising steadily in the last few years, at an average rate of about 1% per year. Hence, we
assume that, starting at 40% in 2020, the coverage continues to grow at eithera 0.5% or
1% clip until the end of the run, depending on the scenario.

Finally, the revenue recycling from carbon taxes is set to at least 50%, in line with Euro-
pean Commission (2017a). However, as mentioned in Section 2.3, member states are
recycling carbon tax revenues at a rate closer to 80%. In the model, these revenues are
converted to green subsidies for firms, in line with most member states’ policies. Over-
all, this carbon taxation scheme diverges significantly in methodology from the EU ETS
and its contribution to the EDGIP, but is compatible with the model’s endogeneity and
prevents discontinuities in the simulations.

4.1.3 Greenlendingscheme

Under the InvestEU programme, the European Commission (2019) is hoping to mobilise
€279 billion in green investment, notably through the provision of public guarantees
aimed at reducing the perception of risk on green projects, and through the EIB’s commit-
ment to raise green lending to 50% of its portfolio (European Investment Bank, 2020).
Given the endogeneity of DEFINE’s investment function, and the fact that the model
does not feature a publicinvestment bank, modelling these effects is not straightforward.
Moreover, there is no difference in initial values between green and conventional loan
interests and bondyields, such that the inherent riskembedded in new green technology
is not captured (Mazzucato & Semieniuk, 2018).

Consideringall of these challenges and the characteristics of the model, the greenlending
lever of the EGDIP is modelled by reducing the credit rationing on green loans. With
this approach, a larger percentage of desired green loans are approved, leading to an
increase in actual green private investment. As the approval of loans is endogenous in
the model, we have reduced green credit rationing (GCR) to the point where the global
equivalent of €279 billion ($2.07 trillion) is raised over the first ten years of the policy,
under the low carbon tax pathway CTP-A and a green public investment share of GDP of
0.45%. The global equivalent is obtained using the average exchange rate from 2018,
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and the ratio between EU and global GDP from 2019, which is 15.92%. Through trial and
error, it was found that green credit rationing needs to be reduced by 88% relative to
conventional credit rationing to achieve this level of investment.

In this approach, the main assumption is that all of this new investment occurs in the
private sector, and that without the reduction in rationing this funding would not have
occurred. Furthermore, note that in this initial approach the desired investment function
remains untouched, which might explain the high level of credit rationing required. This
level of rationing is kept throughout the entire simulation.

4.2 Scenario definition

Following the demarcation of the three policies, the policy scenarios to be tested are
developed to illustrate the impact of the European Green Deal policies relative to a
baseline scenario, which is recycled from previous implementations of DEFINE. Some
of the key features of all scenarios are the starting year and the presence of a COVID-19
shock. Firstly, the simulations start in 2018 to take advantage of data that is already
fully-calibrated with the baseline scenario (Dafermos & Nikolaidi, 2021a). Since we are
interested in the long term consequences of the policies, there is very little difference in
outcome if 2019 was the starting year, and so given this thesis’s time constraints a new
calibration was not conducted. Moreover, a COVID-19 shock is introduced in 2020, in line
with recent developments in the world economy.

4.2.1 Baselinescenario

The baseline scenario used in this thesis is taken from previous studies using DEFINE
(Dafermos & Nikolaidi, 2019, 2021b), and its initial values and parameters can be found
in the Appendix (Tables 8 and 9). It is based on the Shared Socioeconomic Pathways
(SSP) framework (Riahi et al., 2017), which is commonplace among the climate research
community. The scenario created by Dafermos and Nikolaidi draws on features from
the SSP2 and SSP3 mitigation scenarios, which both correspond to radiative forcing
levels of 6.0 W/m?, and an atmospheric temperature increase of slightly over 3°C. For
reference, in SSP2, there is a moderate growth in global population and social, economic
and technological trends do not deviate much from historical patterns. In SSP3, regional
conflict driven by renascent nationalism have a negative impact on economic growth.
The baseline scenario features characteristics from both pathways, such as moderate
economic growth that decays by the end of the century, consistent with SSP2, and the
population growth, energy intensity improvement and increase in renewable shares,
characteristic of SSP3.

Moreover, the scenario features a COVID-19 shock in 2020, that causes a reduction of
economic growth by 5%, consistent with the estimations of the World Bank (2020b).
In addition, it assumes that the global economy recovers after 2021, which might not
be accurate as the COVID-19 crisis lingers. However, assuming a longer recovery period
does notimpact long term trends, which are ultimately of more interest in the analysis.
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Finally, the carbon tax pathway is consistent with SSP3 for the period 2030-2100, and is
consistently below CTP-A and CTP-B defined in this thesis.

All of these factors rendera baseline scenario characterised by increasing yearly emissions
until 2070, decreasing growth rates of output, slowly increasing unemployment, and
a final global temperature change above 3°C. At such high temperatures, the damage
channel from the ecosystem activates, harming the macroeconomy and halting growth.
Under the stress of climate damage, the financial position of firms deteriorates, mildly
raising interest rates and increasing substantially the leverage of banks. In short, as
businesses are threatened they become less profitable, requiring a greater proportion
of financed investment to stay afloat, leading to financial instability. Moreover, the
government sector follows a similar path, as it receives less tax revenue and needs to
run a larger budget deficit, raising the public debt well above 100% of GDP. Ultimately,
the baseline scenario represents an interpretation of a business-as-usual reality, where
the transition to a low-carbon economy is too slow, and climate damages slow down the
economy towards the end of the century.

4.2.2 Scenariotree

All developed scenarios in this analysis are compared to the baseline. The purpose of
this comparison is to assess how well a policy performs relative to the baseline, as well
as how different policy levels compare to one another. As specified in Section 4.1, three
different policies are being considered, which can take on different values depending on
the assumptions followed. Hence, a scenario tree can be developed based on these value
levels. In order to achieve this in a systematic way, each policy is coded using a letter: A
for green publicinvestment, B for carbon taxation, and C for the green lending scheme. In
addition, each value level considered is assigned a number, such that policy A1 represents
aspecificincrease in green publicinvestment. These policy levels are presented in Table
2.

Table 2: Coded policy levels used in the analysis (A: green publicinvestment, B: carbon
taxation, C: green lending scheme). GCR stands for green credit rationing.

CTP-A (medium)
A1 GPlas %GDP (2021-): 0.45 B1 0.5%/yrcoveragerise | C1 GCR cut: 88%
Rev. recycling: 80%

CTP-B (high)
A2 GPlas%GDP (2021-):1.5 B2 1%/yrcoverage rise
Rev. recycling: 80%

GPlas %GDP (2021-30): 1.75

A3 GPlas %GDP (2030-): 1

On green publicinvestment, the levels represent the lower bound of the European Green
Deal (A1), the ambitious GPI-to-GDP share set by some authors (A2), and finally a hybrid
level that assumes absolute adherence by member states to the Commission’s target
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over the EGD’s period, and a middle ground afterwards (A3). On carbon taxation, given
the behaviour of member states regarding revenue recycling in recent years, both levels
feature an 80% recycling rate; they are differentiated by their carbon tax pathway and
the rate of increase of the tax’s coverage. Finally, the green lending scheme is defined
as a switch, with level C1 representing the calibrated cut in green credit rationing that
matches the €279 billion contribution via InvestEU.

Combined policy levers

GPI<
B1

Al C1

647 B!
A3 B2

B2 c1

C1
GLS

C1

Figure 8: Coded scenario tree including policy-specificand combined policy scenarios.
The policy-specific scenarios are on the left, and 0 denotes the baseline scenario.

Following these definitions, the levels are compared against each other within a single
policy test. The aim of this step is to determine the general impact of each policy on the
system, as well as to assess the relevance of the chosen levels to the analysis. The results
of the policy-specificanalysis are presented in Section 5.2, and the relevant scenario trees
for these runs are shown on the left side of Figure 8.

Finally, three combined policy lever scenarios are built and assessed. Firstly, to replicate
the current version of the EGD, the scenario A1+B1+C1 features low green publicinvest-
ment, a medium carbon tax, and a reduction in green credit rationing. The other two
scenarios, A2+B2+C1and A3+B2+C1, portray more ambitious GPl and carbon taxation
policies, and are distinguished by the investment strategy during the EGD’s period and
beyond. Note that all combined scenarios feature the same reduction in green credit
rationing, as we assume that under the basic ECD scenario at least €279 billion are raised
through InvestEU, and it is not trivial to model larger increases under a highly endoge-
nous credit system. Overall, these combined policy scenarios provide us with insight on
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the current version of the EGD, as well as an exploration of more radical policies that
could inform policymakers to revise their targets and commitments.

4.3 Scenario setup summary

S$Q3: What are relevant policy levers from the European Green Deal which can be in-
cluded in the DEFINE model?

By identifying some of the limiting characteristics of the DEFINE model, the EGDIP
policies have been operationalised in Chapter 4. In short, the features of the investment
plan have been summarised into three different policies levers that can be included in
the DEFINE model: green public investment, carbon taxation and green lending. These
levers are the building blocks of the three main narrative scenarios in this thesis, which
illustrate the outcomes associated with the current plan, as well as any improvements
that more radical versions of the EGD could render. The results of this scenario analysis
are presented in the next chapter.

42



In this chapter, the main results obtained from the scenario analysis with the DEFINE
model are presented and described. Firstly, the key performance indicators that will be
assessed are defined, to simplify the discussion and ensure consistency throughout the
analysis. Secondly, the three policy levers described in Chapter 4 are assessed individually,
to understand their individual impacts on the key performance indicators and how they
interact with each other. Thirdly, the three main combined policy scenarios are examined
and compared, setting the stage for the discussion in Chapter 6. Finally, the validation
process is described.

5.1 Key performance indicators

In order to analyse the results of this exploration consistently, a set of key performance
indicators (KPI) is defined, capturing different dimensions of the macroeconomy, finan-
cial system and environment. These indicators have been chosen so that both political
and economic insights can be drawn from the analysis. Given the plethora of outputs
that the DEFINE model provides, the KPI have been grouped in four clusters, illustrating
the effects on climate, economic growth, fiscal balance, and finance.

The climate cluster features two mainindicators: yearly carbon emissions and the change
in atmospheric temperature. These effectively summarise the performance of the envi-
ronmental system under the different policy scenarios. The yearly emissions provide a
consistent measure of the dirtiness level of the economy, and provide an effective visuali-
sation of the immediate impact of greener policy packages. The change in atmospheric
temperature gives an aggregate overview of the state of the ecosystem, and allows us to
easily assess the performance of the policies relative to the temperature targets set by
climate science. In this sense, the change in temperature by 2100 is the main subject of
interest.

The economic growth cluster focuses on the overall performance of the economy by
looking at the growth rate of output and unemployment rate. The choice of the growth
rate is self-explanatory, as it aggregates the performance of the components of aggregate
demand on a yearly basis, and generally illustrates the health of the macroeconomy. On
the other hand, the unemployment rate is used as a political indicator, which can be used
as a proxy of the population’s satisfaction with the policies. We assume that a policy that
leads to high unemployment levels can be disrupted by political pressure. Furthermore,
we assume following Kalecki (1945) that extremely low unemployment rates can be
economically disruptive as well.’

The fiscal balance cluster is composed of two related indicators: the fiscal balance-to-
output ratio and the public debt-to-output ratio. The fiscal balance shows the deficit

"The Kaleckian effects referred to in this thesis imply that, at very low rates of unemployment, the bar-
gaining position of workers is strengthened, as there is an effective labour shortage. In turn, this reduces
animal spirits and worsens the business climate. The authors of DEFINE have followed the work of Skott
and Zipperer (2012) to implement these effects in the model.
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incurred by government on a yearly basis to finance its activity; on average, the public
sector spends more than it collects in revenue every year. While the fiscal balance can be
thought of as a flow in this analysis, the public debt-to-output ratio behaves like a stock
variable that measures how indebted the economy is relative to its output. These indica-
tors are economically important as a high debt-to-output ratio can discourage investors
and raise the cost of government financing, which can trigger political consequences in
the form of deficit rules, for instance.

Finally, the finance cluster looks at the overall health of the firm sector and the financial
system. In this context, the bank leverage ratio is the prime indicator, as it encapsulates
the level of exposure that banks are facing as a consequence of defaulted loans to firms. A
related indicator that is also used is the spread on total loans, as it captures the financing
cost of firms at different periods of the run. Note that in these results loan spreads are
the same for green and conventional loans, as no capital differentiation policies have
been tested.

5.2 Policy-specific performance

Using the four clusters defined in Section 5.1, we can assess the impact of each individual
policy on the macroeconomy, financial system and ecosystem. With this, we can geta
sense of what effect each policy has on the system, with the aim of informing policy-
makers of economic and environmental impacts of their decision making late into the
century.

5.2.1 Green publicinvestment

In a post-Keynesian model, an increase in green public investment should initially in-
crease economic growth, as government investment is a component of aggregate de-
mand (using credit from the financial system, the growth and green financing channels
are activated). Following the COVID-19 shock, this effect is evident for all policy levels,
although A1 falls below the baseline around 2030 (Figure 102). The unemployment rate
drops following the increase in demand, however it increases under A1 as the growth
rate falls after 2030 (Figure 10b). Under A2 and A3, the economy approaches full em-
ployment, with some Kaleckian effects present towards the end of the century in A2,
causing instability. In addition, it is clear that the change in green public investment
share after 2030 under A3 shocks the system and slows down the macroeconomy, as
aggregate demand is lowered.

Moreover, boosting green publicinvestment clearly reduces CO, emissions initially, re-
ducing the impact of the degradation channel from the macroeconomy to the ecosystem,
particularly at higher rates (Figure 92). However, as the economy grows relative to the
baseline towards the end of the century, and the carbon tax is relatively low, the emis-
sions levels begin to rise and re-converge with the baseline. Ultimately, while these fiscal
expansions help reduce the change in temperature, none of the investments can keep
the change under 2°C (Figure 9b), as there is no large enough incentive to divest away
from conventional economic activity.
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Figure 9: Climate cluster results for Scenarios A# (green public investment).
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Figure 11: Fiscal balance cluster results for Scenarios A# (green public investment).
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The low economic performance of scenario A1 is partially explained by the fiscal balance
and finance clusters of the analysis. A1 shows a lower fiscal deficit than its counterparts
over the first years of the analysis (Figure 112), which illustrates the lower spending. How-
ever, the lower economic activity leads to higher bank leverage ratios, activating the
financial instability channel, implying that the economy is proportionally more depen-
denton financing than at higher GPl levels (Figure 12a).

As a consequence, there is an increase in interest rate spread on total loans in A1 (Figure
12b), which makes financing economic activity more expensive, placing even more pres-
sure on firms and banks. Under a lower green investment regime and a slowed down
economy, there is a severe increase in the fiscal deficit and public debt (Figure 11b) to-
wards the end of the century. Finally, the fiscal balance KPl under scenarios A2 and A3
remains relatively stable, although we can observe an increase in the leverage ratio at
the end of the run, hinting at the consequences of mild climate damage.

5.2.2 Carbontaxation

Increasing carbon taxation in the economy has the first order effect of reducing firm
profits, which then impacts investment and, ultimately, aggregate demand, mostly
through the growth channel of the model. However, it strongly discourages conventional
economic activity, which has a clear positive effect on the environment via emissions
reduction, captured by the model’s degradation channel.

In the simulations, there is a dip in economic growth following the implementation
of the tax pathways in 2021 (Figure 14a), while unemployment increases relative to
the baseline (Figure 14b). However, there is an improvement in the economic growth
indicators at the end of the simulations, as climate damages do not accumulate as fast
under these regimes. On the other hand, yearly emissions drop significantly following
the implementation of the tax, particularly under the high tax scenario B2 (Figure 132).
While emissions start to grow again towards 2100, the convergence with the baseline
scenario is not as evident as in the A1, 2 & 3 scenarios. However, the tax on its own is not
sufficient to keep the planet below a 2°C change under either B1 or B2, although they
positively outperform the baseline (Figure 13b).

On measures of fiscal balance, the tax policies perform relatively well, as they represent
an increase in revenue for the public sector, keeping public debt under control. However,
these features are not evident until after 2060, where the fiscal balance-to-output ratio
of the baseline scenario begins to deteriorate as the model’s damage channel activates
(Figure 152). The differences between B1and B2 are relatively small, with the higher tax
gathering slightly more tax revenue and so having a lower deficit and public debt.

Onthe financial side, the tax pathways lead to an initial increase in bank leverage relative
to the baseline, as firms are hit by lower profit rates and require more external financing,
leading to some financial instability (Figure 16a). However, they outperform the baseline
past 2070 as climate damages accumulate at a much slower pace, and firms do not
default as often. The total spread remains largely unaffected relative to the baseline
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Figure 15: Fiscal balance cluster results for Scenarios B# (carbon taxation).
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Figure 16: Finance cluster results for Scenarios B# (carbon taxation).
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(Figure 16b). Overall, both scenarios show similar performance in this cluster.

5.2.3 Greenlending scheme

The reduction in green credit rationing is the least impactful of the three policies con-
sidered on the overall system, as it only affects the proportion of desired private green
loans that are approved. These represent a relatively small share of the global economy,
and as such the impact of the policy on most indicators can only be perceived after 2050.
For instance, the growth rate of output and unemployment profiles (Figures 18a and
18b) only diverge from the baseline after mid-century, while the differences in the fiscal
balance cluster are only noticeable after 2070 (Figures 192 and 19b).

Of course, facilitating the expansion of the green economy via reduced credit rationing
ultimately reduces emissions (Figure 17a), reducing the threat on the ecosystem through
the degradation channel, as the overall share of conventional activity in the economy
falls. This divergence makes enough of a dent in the temperature change to keep it below
3°C, as is evident in the results (Figure 17b). Finally, this emissions reduction is sufficient
to render a positive change in the bank leverage profile (and thus, promote financial
stability) relative to the baseline (Figure 20a), although the climate damages eventually
make the curves converge in 2100. Finally, there are no significant changes in the total
spread of bank loans, although a minor reduction can be perceived around 2070 (Figure

20b).
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Figure 17: Climate cluster results for Scenario C1 (green lending scheme).
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Figure 19: Fiscal balance cluster results for Scenario C1 (green lending scheme).
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Figure 20: Finance cluster results for Scenario C1 (green lending scheme).

5.3 Combined policy performance

Before reporting on the combined policy performance, itis important to note that pol-
icy levels forming each scenario are not additive, as DEFINE is a highly endogenous
integrated model. A great example is the exacerbation of the Kaleckian effects on unem-
ployment for high investment scenarios, mentioned earlier in the GPIl analysis. Under
the A2+B2+C1 scenario, these effects appear around 2090, which are a few years earlier
than in the A2 scenario, even though they were not present in either the carbon tax
or green lending specific curves. Hence, while we can infer some consequences of the
combination of policies, they cannot be treated as a simple linear addition, as the nature
of the feedbacks present through the model’s channels complicate the determination of
the combined effect.

In this section, the results are presented through graphs of the 8 KPI, as well as a summary
table comparing levels between scenarios at 5 relevant periods (Table 3). These periods
are 2018, as the start of the run; 2030, as the end of the EGD’s policy horizon; 2050, as
the target year for net zero in the EU; 2070, as the start of significant climate damages in
the baseline scenario; and 2100, as the final period in the simulation.

Firstly, regarding climate cluster indicators, the three policy scenarios show a serious
divergence from the baseline, as no yearly emissions profile continues to rise after the
COVID-19 shock (Figure 21a). Clearly, the scenarios with higher levels of investment
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Figure 21: Climate cluster results for the three combined policy scenarios.
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Figure 23: Fiscal balance cluster results for the three combined policy scenarios.
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Table 3: Summary of results of the 8 KPI for the combined policy simulations. The values
in bold adjacent to each KPI represent the baseline scenario, while the results in other
scenarios are grouped per KP!I.

Key Performance Indicator 2018 2030 2050 2070 2100
Yearly CO, emissions
42.13 49.91 52.48 56.41 36.94
(GtCO,/year)
A1+B1+C1 4213 39.65 27.99 16.16 18.99
A2+B2+C1 42.13 24.57 11.56 8.584 11.90
A3+B2+C1 4213 23.04 14.28 10.32 15.48
T t h
empera(:ge change 1140 | 1363 | 1.898 | 2.471 | 3.205
A1+B1+C1 1.140 1.352 1.716 1.949 2.197
A2+B2+C1 1.140 1.325 1.507 1.607 1.757
A3+B2+C1 1.140 1.321 1.518 1.640 1.825
Growth rate of output
(%) 3.040 4.783 3.834 1.379 2.338
A1+B1+C1 3.040 3.523 2.222 2.356 2.080
A2+B2+C1 3.040 4.251 2.874 2.470 2.626
A3+B2+C1 3.040 4.354 2.644 2.525 2.087
Unemployment rate
P (32 ) 5.400 | 4156 | 5582 | 7.613 | 7.855
A1+B1+C1 5.400 5.680 6.839 6.431 4.979
A2+B2+C1 5.400 3.729 2.882 1.692 0.606
A3+B2+C1 5.400 3.437 4.046 2.818 1.544
Fiscal balance-to-output ratio
(%) P -2.713 -2.486 | -3.443 | -4.530 | -8.730
A1+B1+C1 -2.713 -2.767 -3.033 -3.360 -3.562
A2+B2+C1 -2.713 -3.365 -3.466 -3.725 -4.030
A3+B2+C1 -2.713 -3.484 -3.162 -3.41 -3.611
Public debt-to-output ratio
(%) P 81.50 84.23 93.91 122.0 2454
A1+B1+C1 81.50 88.44 92.55 105.3 121.0
A2+B2+C1 81.50 88.00 91.52 105.4 134.6
A3+B2+C1 81.50 88.13 90.43 100.5 121.2
Bank leverage ratio 9372 | 10.20 | 9.746 | 17.48 33.47
A1+B1+C1 9.372 9.850 9.922 12.76 20.24
A2+B2+C1 9.372 9.676 8.244 7.722 9.378
A3+B2+C1 9.372 9.636 8.444 8.140 10.09
Total spread on bankloans | 0.0500 | 0.0494 | 0.0507 | 0.0520 | 0.0460
A1+B1+C1 0.0500 | 0.0495 | 0.0501 | 0.0501 | 0.0496
A2+B2+C1 0.0500 | 0.0485 | 0.0478 | 0.0460 | 0.0425
A3+B2+C1 0.0500 | 0.0484 | 0.0486 | 0.0476 | 0.0458
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and carbon taxation return a wider emissions gap relative to the baseline, and success-
fully keep the change in temperature under 2°C at the end of the century (Figure 21b);
this is not true of scenario A1+B1+C1, which slightly overshoots the 2°C target. Notably,
the difference in temperature change between A2+B2+C1 and A3+B2+C1 is relatively
minor.

Secondly, the economic growth cluster indicators render some surprising outcomes. On
the one hand, the baseline and A1+B1+C1 scenarios have virtually equivalent profiles
for growth rate and unemployment until 2050 (Figures 22a and 22b), where the basic
EGD scenario’s growth approximately stabilises while the baseline’s begins to dip. The
commitment to the green transition also results in a reduction in unemployment in
the second half of the century. On the other hand, the other two scenarios follow a
high growth, low unemployment path that leads to instability in the case of the more
extreme A2+B2+C1. It is noteworthy that ultimately, despite the negative consequences
of the investment reduction in 2030 under the A3+B2+C1 scenario, both policy sets reach
similar macroeconomic positions by 2100.

Thirdly, the fiscal balance cluster results suggest that the three policy scenarios lead to a
relatively stable situation in 2100, clearly diverging from the debt crisis caused by climate
damages in the baseline scenario. The main difference between scenarios in this area is
the high fiscal deficit that A2+B2+C1and A3+B2+C1incur during the EGD’s period (Figure
23a), almost a full point below A1+B1+C1 and the baseline. This is noteworthy because
it would represent a commitment by government to run a large deficit to finance the
first years of the transition. In overall terms, all three scenarios have similar public debt
profiles (Figure 23b), reaching 100% of GDP around 2070, although A2+B2+C1 shows a
slightdeviation towards a more indebted macroeconomy at the end of the century (135%),
due to the higher levels of green publicinvestment throughout the simulation.

Finally, the behaviour of the finance cluster indicators is the expected one. Under the high
levels of economic growth in A2+B2+C1 and A3+B2+C1, the bank leverage ratio remains
low (Figure 242) and the financial stability channel active, despite the higher levels of
borrowing incurred by government. The leverage ratio is higher in A1+B1+C1, but largely
below the baseline, implying that none of the possible transition policy packages exposes
banks more than the business-as-usual scenario. Moreover, under investment friendly
scenarios, the total spread on bank loans falls slightly through most of the run (Figure
24b), making credit cheaper for firms and boosting economic activity.

5.4 Validation

The model has been largely validated in previous studies using the DEFINE model. Since
the econometrically estimated parameters were determined to suit the baseline sce-
nario, they are assumed to be validated for the purposes of our analysis. Moreover, the
accounting nature of stock-flow consistent modelling strengthens our assumptions on
the structural consistency of the model, as all stock and flows are effectively accounted
for. Hence, in this section, we outline the need to inspect a couple of parameters or mech-
anisms related to the tested policies in more detail, in order to understand how their
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underlying assumptions affect the results. Note that a complete sensitivity analysis of
parameters relevant to these mechanisms is beyond the scope of this thesis.

The first mechanism of interest relates to the complex relationship between the level of
carbon taxation and the share of green private investment in total private investment (in
this case, we refer to desired investment). In the Appendix, Equation 57 defines this share
per economic sector (3;;) based on three contributions: an exogenous development
factor that includes institutional changes related to environmental regulation (5p;;),
the cost of green capital relative to conventional capital (51;;), and the borrowing cost
of investing in green capital relative to conventional capital (35;;). For the purposes of
this mechanism, (3, the cost of capital differential, is the focus, and is proxied by the
total unit cost of producing renewable energy (tucr;) relative to the total unit cost of
producing non-renewable energy (tucn;), even though the authors acknowledge the
variety of factors that can influence the capital differential.

From Equation 60, the total unit cost of producing renewable energy, tucr,, falls as the
subsidy rate increases, making green investment more attractive. Given the stable and
high level of carbon revenue recycling in the simulations, it is clear that higher carbon
taxes increase the level of desired green private investment. Clearly, this mechanism has
asignificantimpact on the model results, and could be investigated further. Firstly, the
weight of each of the three factors could be determined, to understand theirexact relative
impact on the share. Secondly, other factors besides differential energy unit costs affect-
ing (31, should be assessed. Given how important this mechanism is to implementing
the effect of the carbon tax, a thorough sensitivity analysis would be desirable.

The other model mechanism that merits attention is the relationship between carbon
emissions and temperature change. Following the work of Dietz and Venmans (2019),
the DEFINE model assumes that global warming is approximately linearly proportional
to cumulative carbon emissions. The quasi-linearity of this relationship simplifies the
modelling behind it, which in the system is represented by Equation 28. Besides the
Transient Climate Response to Cumulative Carbon Emissions factor () defined by the
IPCC, the equation features a factor ¢; that captures the timescale adjustment of the
climate system to the increase in cumulative emissions, and a constant factor ¢, that cap-
tures the effect of non-CO, greenhouse gases. However, this relationship has a handful
of limitations, including non-linearity at high cumulative CO, levels, and the assumption
that the impact of non-CO, greenhouse gases can be estimated as a fixed fraction of
CO,, emissions. Hence, explicitly integrating these non-linearities and the contribution
of other greenhouse gases such as methane and nitrous oxide could provide a sharper
estimate of the projected temperature change in future analysis.

5.5 Results’ overview

SQ4: Whatarethelong-termresults of the European Green Deal’s (fiscal) policies based
on the model analysis?

In Chapter 5, the macroeconomic and environmental outcomes of applying European

57



Green Deal policies to the global economy have been presented. Itis clear that the three
policy levers used contribute to diverging away from the baseline’s emissions profile,
and overall produce positive macroeconomic results, particularly in the latter half of the
century. Regarding the combined policy scenarios, the temperature change is at most
slightly over 2°C by 2100 in the more faithful translation of the EGD, and below it under
the more radical policy scenarios. The three policy levers synergise with each other, as
the increased government revenue from the carbon tax balances the spending from the
green publicinvestment lever. In these conditions, the macroeconomy outperforms the
baseline and the financial system is not placed under as much pressure. The implications
of these results are discussed in detail in the next chapter.
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In this chapter, the main implications of the analysis are presented and discussed. These
findings cover the impact of the policies on the key performance indicators, and how the
main mechanisms of the model interact with these policy packages. Finally, the discus-
sion is brought back to the European Green Deal, as the results have provided us with an
initial assessment of its effectiveness long-term, providing a basis upon which further
policy recommendations can be made. Note that, for simplicity and brevity, the discus-
sion has been conceived largely from the perspective of the government, considering
its interests and possible actions, although the positions of other actors are sometimes
addressed if relevant.

6.1 Impacton key performance indicators

The choice of key performance indicators is an attempt to provide a wide assessment of
the state of the system, as well as to keep track of the variables that climate economic
policy, and climate policy in general, tend to use as targets. As mentioned in Chapter5, all
policy scenarios outperform the baseline scenario with regards to temperature change,
whichisthe mostimportantvariable when assessing an aggregated climate policy. Hence,
while itis trivial in the context of previous climate and economic research, it is important
to state that, based on the model results, any attempt to transition towards a greener
economy slows down global warming. However, under policy scenario A1+B1+C1, which
most closely resembles the EGD, these efforts are not sufficient to keep the warming
within 2°C, suggesting the need to consider more radical policy scenarios as a serious
possibility.

Moreover, the results indicate that detaching economic growth from carbon emissions is
possible at the global level, as proponents of green growth suggest. The three combined
policy scenarios maintain economic growth rates at least on par with the baseline, and
in the latter half of the century they are consistently higher. From the policy-specific
analysis, we infer that the increase in green public investment and reduction of green
credit rationing are mostly responsible for the expansion, while the carbon taxation
schemes have a limited dampening effect. However, under the Kaleckian assumptions
of the model at low levels of unemployment, a consistently high level of green public
investment can bring the economy to an unstable state by the end of the century, as any
scenario involving A2 shows. Hence, it seems reasonable to cut down on these levels of
green public investment once most of the green transition has occurred, following the
green public investment path under A3, for example.

Cutting down the level of green public investment later in the century also keeps the
fiscal balance-to-output ratio at a healthier, more stable level. However, the main finding
related to the fiscal balance cluster is undoubtedly the need to increase the deficitin the
early years of the transition, as the economy can then fully detach from the baseline’s
emissions’ pathway. Under the more radical policy packages, the global economy should
run an average deficit of 4% over the first ten years, which would then stabilise towards
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3%. The baseline scenario reaches the 3% deficit level immediately after COVID, but the
balance collapses after 2060 due to climate damages. This effectis a perfectillustration of
the need to spend heavily now in the transition, to prevent catastrophic macroeconomic
consequences in the future.

Finally, the financial indicators epitomise the need to maintain a high level of economic
productivity while reducing carbon emissions. Under the baseline scenario and the com-
bined A1+B1+C1, the financial system becomes more fragile as banks are more heavily
leveraged, and credit becomes more expensive in comparison. Moreover, the difference
between the bank leverage ratio profiles of policy-specificand combined policy scenarios
spotlights the need to feature multiple policies in any green investment plan. For in-
stance, if only a carbon tax were enacted, the macroeconomy would be financially more
fragile than the baseline during the early period of the simulation.

Overall, the main trade-off we have identified in the results is the one between the
early fiscal balance of the macroeconomy and green growth, including the reduction of
CO,. Using basic EGD policies, the deficit is kept under control initially, but the growth
potential of the economy is dampened, and the financial system is eventually placed
under more stress. On the flip side, more ambitious policy packages require a larger,
less desirable public deficit initially, but the growth rate of output is on average higher,
unemployment lower, and the system is not affected by climate damages.

6.2 System-level insight

The seven channels presented in the conceptual model of DEFINE in Chapter 3 (Figure
7) determine the interactions between the ecosystem, the financial system and the
macroeconomy. The policies explored in this analysis act as interventions to the system,
and as such vary the impact of the channels on the system’s behaviour. Perhaps, the most
evident example of this is how the damage channel is not really active when applying
the policies, and so we do not observe a serious deterioration of the macroeconomy from
2070 onward. Moreover, the reduction in green credit rationing enhances the effects
of the green financing channel, empowering green economic activity. At the system
level, we can conclude that the introduction of EGD policies boosts the growth channel,
reduces financial instability as the economy remains healthy, and dampens the harmful
macroeconomy-ecosystem channels.

Moreover, the influence of each specific policy on the system is important to inspect at an
aggregate level. The carbon tax has a great impact on carbon emissions, as it is the one
policy that explicitly induces a replacement of conventional for green economic activity,
as dirty firms are taxed heavily while green firms receive subsidies from the recycled
revenue. In addition, it provides fiscal balance as a revenue stream for the public sector.
However, in the current scenarios, its rate plateaus at 400€/tnCO,, which leads to a small
emissions rebound towards the end of the century, as economic growth remains stable.
These tax pathways are deeply uncertain however, and so the assumption that the rate
plateaus might be too generous, and emissions might continue to fall in reality.
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Conversely, green public investment has a clear role in the combined policy package,
which is to boost aggregate demand and make the economy grow. On their own, the
levels of investment required to keep global temperatures within a 2°C change lead to
clear fiscal imbalances early on, which is why they are not achievable if applied individu-
ally. However, on the aggregate, these policies benefit households through lower levels
of unemployment, and firms through higher profit rates, and should overall be popu-
lar. Finding the exact level of public investment, applied during the right time period,
is beyond the scope of this exploratory analysis, but the differences between scenar-
ios A2+B2+C1 and A3+B2+C1 should point to having variability in the GPl share of GDP,
higherin the early years of the transition. Finally, ata system level, the reduction in green
credit rationing nudges the economy towards a higher growth path, although this effect
is clearly smaller than that produced by GPI, with largely similar implications.

6.3 Implications for the European Green Deal

Politically speaking, the European Green Deal is a policy package of monumental com-
plexity. Firstly, it requires the collaboration of 27 member states and their national
governments, as well as downstream coordination with regional and local authorities.
Secondly, following the COVID-19 pandemic, allocating funding to projects that do not
have an immediate impact on the reactivation of the economy is politically hard to sell.
Hence, the narrative around the NextGenerationEU package constantly ties coming out
of the pandemicwith the green transition (European Commission, 2021c). Finally, itaims
to reach emissions’ targets that go beyond its policy horizon, and so there is inherent
uncertainty as to what happens after 2030.

As mentioned in previous chapters, policy scenario A1+B1+C1 is the one that most closely
resembles the EGD itself. The exogenous share of GPlin GDP is defined based on the
EGD’s budget contributions, the lower carbon tax pathway aligns well with the small
contribution from the ETS, and the reduction in green credit rationing has been deter-
mined based on the InvestEU guarantee projections. Throughout the results, we have
seen thatitis outperformed by its more radical counterparts in most KPI, but still appears
as a profound, positive deviation from the baseline scenario. Hence, while the degree
to which the targets are metis in doubt, it is undeniable that the European Green Deal
takes climate policy in the right direction in the coming years.

Moreover, it is important to remember that the long term assumptions made may not
hold as climate action becomes more prevalent, and so it is hard to evaluate the first
ten years relative to mid- and end-of-century targets. However, with the knowledge we
now have, the current version of the Deal is a good first step, just not enough to keep the
planet within a 2°C temperature change. In a way, one of the plan’s main weaknesses is
that it maintains the economic status quo: moderate growth, moderate unemployment
and a fiscal deficit under strict control. Even if the configuration of the economic system
is changing to favour green activity, a sluggish macroeconomy will slow down the change,
rendering it ultimately fruitless in meeting climate targets and keeping the ecosystem in
balance. Thus, the plan should be revised to emphasise green growth further, speeding
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up the shift from a dirty macroeconomy to a sustainable one.

The main component to be revised in the current plan is the most politically contentious:
the level of green publicinvestment. The other two combined policy scenarios consid-
ered in this thesis set the GPI-to-GDP level at three to four times the equivalent of the
proposed budget, at least during the first ten years. The principal opposition against
a more ambitious plan, as it often happens with stimulus packages, comes from those
questioning who pays the bill. Despite the prevalence of high-income nations within
the EU relative to the global average, there is still a wealth gap between countries in
the north and west, who are on average richer, and the south and east, who are poorer.
This imbalance lead to the austerity policies of the 2010s, which still have lasting effects
today, and have created an uneven starting position for member states with regards to
the transition.

A more ambitious EGD completely counters the logic of austerity. Instead of reducing
the budget deficit, national economies would be urged to run larger deficits to finance
green publicinvestment. As we showed in the results, policy scenarios A2+B2+C1 and
A3+B2+C1 feature an average budget deficit of 4% over the first ten years, which is high
relative to the EU’s idea of responsible fiscal management. The Stability and Growth
Pact, which dictates the deficit and public debt rules for member states, limits the yearly
budget deficit to 3% and the level of public debt to 60% of GDP (European Council, 1997).
Its rules are currently suspended due to the COVID-19 pandemic, with the Commission
proposing a renewal of this suspension for 2022 (Valero, 2021). However, under normal
macroeconomic conditions, the rules clearly conflict with the fiscal imbalance that the
high levels of green public investment would create. Hence, it is left to policymakers
at the national and supranational level to decide if the rules can be relaxed, and if so
whether the relaxation is permanent or a prolonged suspension.

6.4 Overall significance of the model findings

SQ5: What do the model findings mean for the European Green Deal as the EU’s cli-
mate mitigation strategy?

In Chapter 6, the main implications of the analysis have been discussed. It has been
determined that the chosen policies outperform the baseline scenario in virtually every
metric, and so the European Green Deal can only be seen as a step in the right direction.
However, in its current form, applying the EGD’s policies at a global economy level would
not be enough to keep global temperature change within 2°C by 2100. Thus, more radical
policies are necessary, in line with the other two policy scenarios. In applying these
policies, as the level of publicinvestment increases, opposition is likely to come from
actors that want to maintain fiscal deficit rules and a frugal status quo. Under a revised
EGD, the long-term benefits of running a larger deficit over the next ten years must be
highlighted. The final policy recommendations, as well as the perceived added value of
this thesis, are presented in the final chapter.
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In this chapter, the added value of this thesis to the literature and the policy recommen-
dations are presented. Moreover, the limitations of the analysis are discussed, and ideas
for future work are proposed. Inherent to the discussion are the conclusions to this thesis,
notably the value of a complex macroeconomic model like DEFINE, the need to achieve
sustainable growth through substantial fiscal expansions, and the role the EU must have
on the global scale to take climate responsibility.

However, in order for the conclusions to be well motivated, and before addressing the
subjects listed above, we need to return to and address the research question:

“How can a stock-flow consistent model grounded in ecological and post-Keynesian
economic values further understanding of the macroeconomic and climatic
consequences of the European Green Deal?”

The DEFINE model has allowed us to project the consequences of the economies policies
of the European Green Deal into a planetary-level economic system. Crucially, it has
allowed us to assess both the environmental implications that concern climate science,
namely the level of carbon emissions and global warming, and the socioeconomic in-
dicators that matter most to macroeconomists, such as the growth rate of output, the
fiscal balance and unemployment. In doing so, the analysis using DEFINE has rendered
a set of EGD-inspired policy packages that couple the sustainability of the ecosystem
with economic prosperity, furthering our understanding of the societal impacts of these
policies and their potential to execute the green transition.

7.1 Theadded value of the analysis

Following the devastating human and economic consequences of the COVID-19 pan-
demic, bringing back the economic debate to fighting the climate emergency feels timely.
As we have seen in this report, assessing the impact of the European Green Deal Invest-
ment Plan using the DEFINE model has rendered a handful of interesting outcomes that
add value to current research by reinforcing certain arguments made in the ecological
and post-Keynesian economics literature. Notably, the need to act fast to avert climate
and economic disaster and the role of green growth have been highlighted. Importantly,
these conclusions have been reached using a modelling approach that recognises the
importance of finance in the green transition, and features a plethora of feedback ef-
fects between the ecosystem, the macroeconomy and the financial sector. Thanks to
the complexity of DEFINE as a model, a more complete overview of the economic and
environmental consequences of the policies has been drawn.

Moreover, we have specifically shown that EDGIP policies are headed in the right direc-
tion, but are not sufficient to keep the ecosystem stable, as the temperature change is
larger than 2°C under the basic EDGIP policy scenario. In addition, we have provided
some initial insight on what the next steps are to meet the climate targets. Notably, we
have identified green publicinvestment as the input to be increased in the macroecon-
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omy to sustain economic growth and prevent a large increase in temperature, even if
this requires running a large fiscal deficit in the early years to finance the required in-
vestment. While our proposed policies need to be analysed further, using fit-for-purpose
models that consider the particularities of specific economies, they steer the discussion
in a targeted direction for future study.

Finally, the analysis has allowed us to answer our EGD thought experiment, by which its
policies were assessed assuming the entire world followed. As mentioned, region-specific
analyses should be conducted, butitisimportantto understand what the average country
should do to determine what the richest nations must do. While the climate emergency
is a global challenge, both its consequences and the ability to do something about it are
distributed unevenly. Generally, the EGDIP policies on their own are not enough to meet
the climate targets and achieve sustainable growth, but they are certainly insufficient if
we consider the ability to act of EU member states relative to low- and middle-income
states in the Global South. Ultimately, the results of this thesis illustrate the need for the
EU to take these bold steps and lead by example.

7.2 Policy recommendations

The exploratory analysis conducted in this thesis represents a first step in understand-
ing the quantified impact of specific macroeconomic policies on the environment, and
conversely, how environmental effects impact policy in the long run. Hence, the policy
recommendations provided in this section do not feature specific, quantified metrics,
but rather point relevant actors towards a general policy direction given the conclusions
drawn. At the EU level, the recommendations are made to the European Commission,
although they often involve convincing or leveraging the participation of national actors.
At the global level, the recommendations are made to a generic government sector, fol-
lowing the actor breakdown featured in the DEFINE model (firms, households, banks,
government sector, and central banks).

¢ Increase the level of green publicinvestment to at least1.5% share of GDP over
the next ten years. In line with Storm (2020), it has become apparent that the
€617 billion aggregation proposed in the EGD is not sufficient to meet climate
targets. Given the difficulties in expanding the EU budget in recent years, the
European Commission should focus on increasing the provision from national co-
financing structural funds (note that in this report the overall level of green public
investment in every member state has not been examined). At the global level, to
the extent possible, governments should try to follow the EU’s lead, particularly
those in other high-income nations. A bold increase in GPl in OECD countries and
China would facilitate the global green transition and have a substantial impact
on CO, emissions long-term.

o Reform (or suspend) current fiscal deficit rules to allow a faster transition. The
COVID-19 pandemic has shown that the rules embedded in the Growth and Sta-
bility Pact are outdated, and can prevent a successful economic recovery (this is
particularly true given the current low interest rate regime). The analysis shows
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that the global economy should run around a 4% budget deficit to finance the
transition in a way that keeps global warming within 2°C; the EU’s current rules
do notallow that kind of budgetary management. At the global level, if there is a
coordinated effort to increase government spending, resulting in higher deficits,
the burden of debt cannot be shifted around easily, and hence budgets would
become easier to manage.

¢ Increase carbon market coverage and foster carbon tax revenue recycling. Car-
bon taxation has a minor dampening effect on economic growth, as it reduces the
profit rate of firms. However, the high level of revenue recycling (80% in our simu-
lations) allows the firm sector to recover most of their lost revenue by promoting
green activity. To make this transition in the private sector broader, the coverage
level of the ETS (currently setataround 40%) should increase at a steady rate. Glob-
ally, involving the private sector in the carbon revenue recycling scheme can have
powerful effects in the decarbonisation of the economy, as firms are rewarded for
prioritising green activity. Of course, these proposals are to be considered on the
aggregate, and should acknowledge the differences between small and medium
enterprises, and multinational corporations.

7.2.1 Policy reflections

Following these policy recommendations, it is important to reflect on their meaning
relative to previous work, particularly in the context of other modelling approaches.
The policies presented in the previous section are drawn from the results of an analysis
using heterodox approaches, which clash with the outcomes presented by authors like
Nordhaus (2018) using the DICE model. Through the neoclassical production function
used in the DICE model, the focus in his work is placed largely on the social cost of carbon
and thus the effectiveness of taxing emissions. The policy recommendations made using
DEFINE are not as constrained, as the inclusion of the financial sector not only makes
the results more realistic through the availability of credit, but also offers more tools to
finance the green transition. Moreover, placing no hard restrictions on the budget deficit
has allowed us to treat it as a KPl and analyse the trade-offs in the results more freely.
Ultimately, the complex nature of the DEFINE model has offered us the opportunity to
analyse the impact of a broader range of policies on a more complete abstraction of the
economy.

Moreover, anothersubject to reflect onis the effectiveness of carbon taxes in reducing CO,
emissions and promoting the green transition. Carbon taxation is viewed as a possible
solution across the economic ideological spectrum, as even prominent figures in the
American economicright have advocated forit (Smith, 2017). However, leading authors of
heterodox traditions are more doubtful of its effectiveness, particularly as the panacea to
solve the climate crisis. Taylor (2021) argues that carbon taxation has a limited impact on
emissions, in part due to the inelastic nature of demand for gasoline. The main outcome
of the study is that carbon taxation, along with the implementation of a broad network of
electric vehicles, is not enough to meet the climate goals set by the Biden administration
(these ideas are presented largely from an American perspective).
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A similar, yet more extensive argument against carbon taxation is made by Rosen (2021),
who explores its effectiveness through the lens of both social justice and the impact on
different economic sectors. The author argues that carbon taxes can have devastating
consequences in low income countries, which produce very little emissions anyway, and
cause limited behavioural economic changes in the short and medium termin high in-
come economies. Like Taylor (2021), he insists that other green policies like resource
portfolio standards are both necessary to work in conjunction with carbon taxation and
more impactful overall. Their policy recommendations clearly diverge from those pro-
posed in this thesis, in part because of the powerful assumption made regarding revenue
recycling into green subsidies. Moreover, the levels of carbon taxation they both propose
as feasible in the US context of low energy prices, of the order of $100/tCO,, are lower
than those examined in this thesis. Hence, while it is essential to consider the social
justice and microeconomic implications of the carbon tax within the European Green
Deal, and we have to assume that the revenue generated is put to good use, we can
confidently conclude that as part of a policy package the carbon tax is effective in slowing
down global warming.

Finally, it is worth discussing these policy recommendations in the context of a growing
post-growth movement. The fundamental principle behind post-growth is straightfor-
ward: given the current buildup of our economies, lower economic activity and growth
lead to fewer carbon emissions. The performance of economies in a post-growth regime
is measured by the reduction in environmental impacts and other measures of prosperity,
instead of looking at GDP growth (Hardt, Barrett, Taylor, & Foxon, 2020). In order to make
up for the increase in unemployment derived from the stalled growth, post-growth au-
thors often suggest reducing the number of worked hours (Jackson & Victor, 2011), as well
as promoting a structural change in the economy towards labour-intensive jobs” such as
those in education and care (Hardt et al., 2020), which are less material-intensive.

Of course, on top of being a transition strategy for the changing climate, the European
Green Deal is a growth strategy. By virtue of its nature, policymakers are for now rejecting
the general premise of post-growth ideas. However, even when pushing the boundaries
of the EGD towards its more radical versions presented in this thesis, the 1.5°C target is
not met by 2100. If we are to fully commit to this target, the expansion of green public
investment and carbon taxation, and measures to facilitate green private lending might
notbe enough. Inlinewith whatJacksonand Victor (2011) and Hardtetal. (2020) propose,
it might be necessary to revise the structure of our economy and its labour practices, with
particular focus on the production and consumption of material goods, to prevent the
most devastating consequences of a warming planet.

ZNote that by labour-intensive we do not refer to traditional manufacturing that could be replaced by
machinery, but rather to forms of employment where the main production input can only be l[abour and
hence are by definition less material-intensive on average. For further context, consult the work of Hardt
etal. (2020).
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7.3 Limitations

SQé6: What are the limitations of the analysis and its findings and how should future
work in the field be approached?

Given the short research period of this master thesis, there is an abundance of associated
limitations that should be considered and contextualised. To begin with, the DEFINE
model is an abstraction of reality, featuring a global economy model that has five actors.
In addition, the chosen policies are applied at an aggregate level, and fundamentally
assume a fixed level of efficiency in implementation. For instance, we freely assume
that green investment funds the correct technologies and business projects; notably,
we do not specify an industrial policy for the global economy. There are plenty of other
factors to consider; hence, a list of the most relevant limitations of our analysis is provided
below.

¢ A global model with aggregated actors. The DEFINE model features five actor
clusters: firms, households, banks, governments and central banks. These actors
interact as if the world was a single economy, which is of course a simplification. For
instance, firms of different sizes and sectors operate with different profit margins,
are publicly traded or not, and are subject to more or less regulation. Moreover,
the inherent investment risk of a specific sector is averaged out into the economy,
intrinsicallyimplying thatintra-sector risks are not correlated. In general, while the
choices each actor is offered are broader than in other models due to the inclusion
of the financial sector, the heterogeneous nature of these actors and the economic
sectors is not captured.

¢ Nospecialised institutions that can mirrorthe European economy. The complex
institutional composition of the relationship between the European Union and
its member states cannot be captured by the public sector aggregation of the
model. Notably, having a centralised supra-governmental actor that can have
different budgetary priorities and competences to that of a national government
complicates the modelling process, as these differences have to be aggregated.
Moreover, DEFINE does not feature a publicinvestment bank such as the European
Investment Bank, which is a fundamental actor in the implementation of the
InvestEU portion of the European Green Deal.

¢ No regional effects, including carbon leakage. As mentioned in Chapter 4, the
Just Transition Mechanism could not be included in the model, as it is a policy
measure that requires regional differentiation. However, the lack of regional
effects presents other challenges, such as not capturing the balance of payments
and itsimpact on a nation’s output and indebtedness. In addition, it prevents us
from understanding the consequences of carbon leakage, by which, for instance,
the production of capital goods consumed in high-income economies is shifted to
other countries with lower environmental and labour standards.

¢ Uncertainty of COVID-like shocks. The simulations feature a COVID-19 shock in
2020 by which the growth rate of output drops to -5%. As mentioned before,
there are concerns with the speed of the recovery, although in the long run these
make little difference on the KPI. However, future pandemic-like events are not
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considered in the scenario analysis, and so the robustness of the policies under
those conditions has not been assessed. Under increasing climate pressure, these
events are becoming more likely, and so itis important that future studies consider
these complications in their setup.

e Lack of specialised industrial policy. In the model, the economy is financed via
endogenous channels that determine the level of investment provided to firms on
the aggregate. In the simulations, the policies tested do not have a specific vision
for the industrial make-up of the economy. In short, specifying the level of support
that each economic sector would receive under the fiscal expansion underlying
the EGD would provide valuable, detailed insight regarding the effectiveness of
the plan ata sector level. The current analysis does not produce this type of insight,
andsois at risk of leading to erroneous conclusions at the sector level.

¢ Limited analysis of distributional factors among households. Aggregating all
households underasingle actor cluster prevents us from understanding the impact
of our policies on wealth and income inequality, and vice versa. If the EGD’s policies
were to reinforce inequality, the average propensity to save of households would
increase, as higher income individuals tend to save a larger percentage of their
income. Hence, economic growth would be dampened, as aggregate demand
would fall. These effects are certainly relevant to keep the economy going under
the threat of climate damages, as well as to make the transition fair and just.

¢ Limited discussion on material depletion of energy and non-energy reserves.
While the DEFINE model provides matter depletion, the level of fuel reserves
and waste as outputs, these have not been discussed within this thesis. This was a
conscious choice to focus the study on climate targets and macroeconomic indica-
tors. However, a more thorough analysis of the depletion and waste patterns could
shed some light into additional constraints to the system, with more punishing
supply-side effects if the recycling rate is low, for instance.

7.3.1 Future work

Following the limitations listed, a few avenues for future work arise. We can classify
them in different research categories, such as a purely model-based research focused
on developing regional models, or a more ECD specific research that digs deeper into
its specifications and develops more concise scenarios for analysis. In other words, the
research conducted in this thesis has potential to be developed further at all stages, from
conceptualisation to results. Hence, what is proposed in this section is by no means a
complete overview of future work that can follow this study, but rather a short list of
avenues the author would like to highlight.

The first research area where future work is desirable relates to the model itself, specif-
ically its scale. The DEFINE model is a tool with a lot of potential in country-specific
analysis. The accounting principles of stock-flow consistent modelling and the inclusion
of a financial sector would allow policymakers to draw valuable conclusions at the na-
tional level, without having to assume away large components of the economic system.
Moreover, a country-specific module could modify the model’s five actors to better re-
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flect the region’s institutions, which to an extent can influence the economy’s behaviour.
Overall, introducing regional variations of the model can provide strong and immediately
presentable insight to policymakers, streamlining the reporting process and building
trust between political institutions and academia.

Moreover, with a more specialised model, the policies of the EGD can be operationalised
such that they function in a closer manner to reality. Notably, the green lending scheme
affecting the private sector through the InvestEU programme could be modelled insuch a
way thatall relevant actors, including the European Investment Bank, are included. With
this, we could reduce uncertainty regarding the financing of the private sector, and obtain
much more reliable indicators in the context of financial stability. In addition, the cap-
and-trade system could be modelled explicitly, in order to determine whether second
order effects arise in the macroeconomy that we have not considered when making the
equivalence with the carbon tax.

Finally, analysing the policies under deep uncertainty, with a broader range of scenarios,
would allow us to determine their robustness. This thesis has not conducted such work,
as the policy study has focused on the 2021-2030 period, due to the EGD’s policy horizon.
Understanding how well these policies perform with more or less favourable exogenous
inputs (such as the development of carbon capture technology or the presence of another
global pandemic) would add another dimension in their assessment, raising policymaker
confidence in their validity. Hence, it is clear that more detailed quantitative analysis, at
lower levels of aggregation, would also be desirable, through the inclusion of targeted
industrial policies.
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A.1 Model matrices

Below are the four accounting matrices described in Section 3.2, obtained from Dafermos
and Nikolaidi (2021a). The first two matrices cover the ecosystem while the final two

cover the macroeconomy and financial system.

Table 4: Physical flow matrix of the ecosystem, reflecting the First and Second Laws of
Thermodynamics. The table refers to annual global stocks and flows; matter is measured

in Gtand energy is measured in EJ.

Material  Energy
balance balance
Inputs
Extracted matter +M;
Non-fossil energy +En e
Fossil energy +CEN, +Epy
Oxygen used for fossil fuel combustion +02;
Outputs
Industrial CO, emissions -EMIS; s
Waste W,
Dissipated energy -ED;
Change in socio-economic stock -ASES;
Total 0 0

Table 5: Physical stock-flow matrix, reflecting changes in physical stocks relevant to
human activity. The table refers to annual global stocks and flows; matter is measured in

Gtand energy is measured in EJ.

Material Fossilenergy ~ Cumulative CO2 Socio-economic Cumulative
reserves reserves emissions stock hazardous waste
Openingstock REVA“_I REVEt_l COZCU}\lt—l SESt_l HWCU]\/It—l
Additions to stock
Resources converted into reserves +CON s +CONEg¢
CO2 emissions +EMIS¢
Production of material goods +MYy
Non-recycled hazardous waste +hazWy
Reductions of stock
Extraction/use of matter or energy -My -Epy
Demohshed/@sposed _DEM,
socio-economic stock
Closing stock REV st REVE: CO2cyumt SES: HWeu e
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Table 7: Balance sheet matrix, reflecting the assets and liabilities of the economic sectors.
The table refers to annual global flows in trillion US$.

Households Firms Banks Covernment Central Total
sector banks
Conventional capital +XKe(prijit +Keaovye +Key
Creen capital +ZKG(PRI)it +KG(GOV)t +Kat
Durable consumption goods +DC, +DC;
Deposits +Dy -Dy 0
Conventional loans Yloi +X Lo 0
Green loans Slai +Ylai 0
Conventional bonds +pobomt -pcbet +pobeese 0
Green bonds +pabam: -Pabar +Pebaont 0
Government securities +SECy; +SECp; -SEC; +SECe By 0]
High-powered money +HPM; -HPM, 0
Advances A +A, 0
-SEC; + K Ko + Ke
Total (net worth) +Vi +Vpy +CAP; +i<;(cco(€iwt Newm itD+Ct “
A.2 Model equations
A.2.1 Matter, recycling and waste
MY, = (Y — Cicovyr) (1)
M, = MY, — REC, (2)
RECt = pt_DEMt (3)
DEM; = p; (6, K1 +&DCy_q) 4)
SES; = SES;_1+ MY, — DEM, (5)
Wt:Mt+CENt+O2t—EMIS[Nt—ASESt (6)
EMIS
CEN, = —— 1% ?)
car
O2t - EM.[S]Nt - OENt (8)
HWeoune = HWeuni—1 + hazWy ©)
HWeu
hazratio, = ———— 10
¢ POP, (10)
REVy;; = REVyi—1 + CONyy — M, an
CONMt = CO?”LMRESMt,1 (12)
RESMt - RESMtfl - CONMt (13)
M,
de = = (14)
Pt REVir 1
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A.2.2 Energy
E, =&Y,
Enp: = 0. E;
Epy = Ey — Enpy
EDy = Epy + Enpy

REVp: = REVgi—1 + CONg, — Epy
CONEt = COTLERESEt_l

RESEt - RESEt_l - CONEt
Epy

d = —
EPEt REV

A.2.3 Emissions and climate change
EMISine = w (1 — seq,) Epy
9emisLt = 9gemisni—1 (1 — Go)
EMISp = EMISp 1 (1 — gpmisie)
EMIS, = EMISin: + EMIST,
CO2cumt = CO2cunp—1 + EMIS;

Tare = Tari—1 + t1 (t2pCO2¢cunm1—1 — Tari—1)

A.2.4 Ecological efficiency and technology
wy = wi—1 (1 + gur)
Gt = Gut—1 (1 = 1)

max min
max 1% -
He = [ - _ (K /K )
1+ e m2( KGNE, CNEt—1
pmax
Py = “ma(K, JK )
1 + m3€ T4(WNGNEt—1/ACNEt—1
max min
£, — gMmax _ € — &
t 1 4 mze~m6(KgEi-1/Kcpi-1)
1
br = —ms(Kapt1/Kope1)
1 + mre T8(RGEt—1/HRCEt—1

1

Seqr =
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1+ 7-‘-9677710(KSEQf—l/(KCE(PRI)ltfl+KCE(PRI)2t71))

(15)
(16)
(17)
(18)

(19)
(20)
(21)

(22)

(23)
(24)
(25)
(26)
(27)
(28)

(29)
(30)

(31)

(32)

(33)

(34)

(35)



A.2.5 Outputdetermination and climate damages
_ REVyi 1+ REC

Yy, = (36)
M 2%
REVg 4
Yi = ——— (37)
Et (1 — et) Et
Y, = vk (PRIt (38)
Y];kft - )\thLFt (39)
Yy = min (Y, Yi, Y, Yae) (40)
Y; = Cprye + Ipr1ye + Licovye + Cgovye (41)
Y, - C
Yo
Y;
ue; = (43)
Y
Y,
Uy = (44)
Y
Y,
rer = (45)
Y3t
D=1 ! (46)
" L4+ mTare + neTare® + 03T a5 7
Drpy = pDry (47)
1 — Dpy
Drpp=1— ——— 48
TRt 1~ Dopr (48)
A.2.6 Firms
TP =Y, —wN, — Z mtci—1 Loi—1 — Z intge—1Lair—1 49)
— 0, K (PRI)t—1 — couponci—1bci—1 — coupongi—1bgi—1
T.ZDt - TPGt - TFt - TCt + SUBt (50)
RP; = spT P (51)
Dpt:TPt—RPt (52)
ago (1 = Dpy—q)
IP o, = K _
(PR <1 + e(0‘01—a1ut71—azrt71+a31ur;al32 +Ot41(1—u€t71)70‘42+a51(1—umt,1)70‘52) (PRI)t—1

+ 0K (pRIy—1
(54)
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1 ([I)JRI)it = shvayl @Rz)t (55)
IEpriyie = Bil PRyt (56)

Bit = Boit — Bishemrs,y)i (tucr_y — tucn,_y)

— Ba [shpi—1 (intgi—1 — inteu—1) + (1 — shre—1) (yieldgi—1 — yieldoy—1)] G7)
Boit = Boir—1 (1 + gpor) (58)

gsor = gpor—1 (1 = G2) (59)

tucry = uery (1 — govsypy) (60)

tucny = ueny + Towwy (1 — seqy) (61)

ueny = ueny_1 (14 Guent) (62)

Guent = Guert—1 (1 — Cg) (63)

uery = ueri—1 (1 — Guert) 11_;9?"/1 (64)

Guert = Guert—1 (1 = Cr) (65)

]g(PRI)it =1 53R1)it - ]g(PRI)it (66)

NL&y = 15 priyu—shv ayiBi RPirepLai—1— 0K priyi—1—shay aybaAbay

(67)

NLZ, = Ig(PRI)@'t_Sh(GVA)i (1 — Bi) RP+repLei—1—0:Kcpriyit—1—Shiav ayibeAbcy
(68)
Iapriyie = shiav 4)iBi RP+ALgu+0: Ka(priyi—1+5hav ayibaAbai+de fi Lai—1
(69)

Icpriyie = shievay (1 — Bit) RPAALci+6.Kopriyit—1+de fy Loi—1+shay ayiPe Abey
(70)
Io(priysae = RP, + ALcy + ALgy + 0K (priyi—1 — lapriye — Lo(priysit -

— Iopriys2t — Lopriysst + PaAbay + peAbey + DLy

Igpriyt = Z Iqpryit (72)
Icpriye = Z Icpryit (73)
Iipriye = Iopriye + La(priy (74)
ke = Iaprie/ I priy (75)
Li= Lot + Ly (76)
Kapriyit = Kaprjit-1 + Lapriyic — 0t Ka(Priyit—1 77)
Keopriyie = Kcpriyit-1 + Iopriyic — 0K o(Priyit—1 (78)
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Kapprn = Z Kapryit

Kepriye = Z Kc(proit
Kprryt = Kepriye + Kapriy
Kepprni = VEiKcprii
Kenewprnie = (1 — vei) Kapriit
Kepwprni = VEiK cpriyit
Kenewprnit = (1 — vei) Koprii
KSEQ(PRI)it = %‘EQZKGE(PRIW
Kgpt = Z Kepprni + 7veKccovy
Keonp: = Z Kanewrrni + (1 —ve) Ka@ovy
Kcg: = Z Kcgrprnit + YyEKoGovy
Konge = Z Kenewprnie + (1 —v8) Ko@ovy

Kspqgr = Z Kseoprii

0 = 0o+ (1 —60) (1 — adk) Drri—1
vy =v1 |1 — (1 —adp) Drpi—1]
gxe = Oot + 01 + 020yi—1
oot = oor—1 (1 — (3)
AM=X_1(14+gx) [l = (1 —adp) Drpi—1]

Wt = 8W>\th

Y,
N, = —L
W

ury =1 —re;

T1t ) Ig(PRI)z‘t

bor = bor—1 + —
yZe;
Lt Z Ig PRI)i
bat = bgr—1 + — (PRI
yle}

Ty = T10 — rnyielde—
Ty = X9 — Toryieldg

Toot = Taot—1 (1 + Gaoot)
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(79)
(80)
(81)
(82)
(83)
(84)
(85)
(86)
(87)
(88)
(89)
(90)

)

(92)
(93)
(94)
(95)
(96)
(97)

(98)

(99)

(100)

(101)

(102)
(103)
(104)



Gz20t = Ga20t—1 (1 — (4) (105)
couponcy

yielde, = ———<t (106)
Pct
yieldg, = 24Pt (107)
ba
couponcy = yieldcy_1po (108)
coupong; = yieldgi_1pc (109)
Beci = Bert + Beee (110)
By = Bgui + Baope 111)
B,
por = b—Ct (112)
Ct
B,
Par = b—Gt (113)
Gt
Bt == BCt + BGt (114)
DLt = deftLt_l (115)
defmax

def, =

1+ defoe(defl —defailligi—1) 116)

Z (mtcz'tﬂ + Tep) Leit—1 + Z (inth—l + rep) Lgit—1 + couponecy—1bcy—1

i +> (1= CRei) NLgit +> (1 = CRx) NLgit + pcAbey + paAbay
+coupong—1bgi—1 + wiNy + Try + Ty — SUB; + 01K (priyi—1

Y;+ > (1= CRcit) NLE,, + > (1 — CRg) NLE,, + pcAbey + peAbey

(117)

> (intci—1 +rep) Lei—1 + ) (intgi—1 + rep) Lai—
TP, + % intcir—1Lcie—1 + Y intgi—1 Lai—

+couponci—1boi—1 + coupong—1bgi—1

+couponci—1boi—1 + coupong—1bg—1

dsr, =

(118)

A.2.7 Households
YHGt = tht + DPt + BPDt + intDDt_l + intSSECHt_l

+ couponci—1bopi—1 + coupongi—1bGri—1 M9)
Yu: = Yuce — T (120)
Cpriynt = (e1Yai—1 + c2Vapi—1) (1 — Dre—1) (121)
Ciprie = Cpriyne T Cpriyne + Ipriye + Licovye + Ceovye < Y,'; otherwise
Cirrre = pr (Y] — Licovy — Iiprie — C(Gov(%tz)z)
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Vire = Vari-1 + Y — Cipriye + bomi—1Apct + bari—1Apa: (123)

SEC Y
i _ Mo+ D1+ ints+ ayielde, 1+ syieldg—1+Maint p+Xis -l
Viri—1 Viri—1
(124)
B Y,
om . _ N0+ oo Dri—1+Aarint s+Asoyieldor_1+Aogyieldei—1+Aaaint p+Aos -l
Viri—1 Viri—1
(125)
B Yo,
GHi = ABOt‘F)\éODTt,l+)\31ints+)\32yi€ld0t,1+)\33yi€lth,1+)\34intp+)\35 Al
Viri—1 HFt—1
D (126})/
- Mo+ Ny Dri—1+Asints+Aspyieldor_1+Asyieldei—1+Aaaint p+Ays L
Viri—1 HFt—1
(127n)
Dy = Dy + Yui — Cipriye — ASECH — poAbons — paAbau: (127)
Asor = Azot—1 (1 + grsor) (128)
930t = ClogvGe—1 (129)
B
bomr = —2¢ (130)
ydel}
B
bomr = —t (131)
Pa
DCy = DCy_1 + Cipriye — EDCy (132)
gropt = groprt—1 (1 — (5) (133)
POP, = POP,_; (1 + gpop:) (134)
LF, = (If1; — lfahazratio,_1) (1 — (1 — adpr) Drri—1) POP, (135)
Lfie = Uf1e—1 (1 — Gg) (136)
A.2.8 Banks

BP, = Z iTLtCit—lLCit—1+Z intgi—1 Lgir—1+intsSEC_1—intp Dy —int 4 Ay
(137)

CAP, = CAP,_, + BPy, — DL, + BAILOUT, (138)
BPy; = sgBP;_ (139)
BPp, = BP, — BPy; (140)
HPM, = hiD; (1471)
SECp; = hoD; (142)
A=A 1+AHPM+ALgi+ALoy+ASECg+DLi—AD;—BPy;—BAILOUT,
(143)
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CRmax

CR = 1+ rgexp (ry — redsry_y + r3 (CAR;—y — CAR™™M))
CRgt =1+ 11 (wgi—1 — wrri—1)] CRy
CReit = [1+ I (weit—1 — wrre—1)] CRy
CResy = CR; — Sh(NLG)t—1CRGt - Sh(NLC)Slt—ICRCSIt

3h(NLC)S4t71
—sh(yrcys2t—1C Resae — shinvreoyssi—1CReosa

sh(nLoysat—1
Leit = Lei—1 + (1 — CRei) NLE,, — repLeis—1 — defiLoir
Lgit = Lgit—1 + (1 — CRet) NLE;, — repLgi—1 — defiLai—1

Ley = Z Leit
Lt =Y Lait

levg, = (LCt + Lai + SECE + HPMt> /CAPt

CARt = CAPt/ [thLGt -+ ZwCitLC’it -+ U}SSECBt -+ ’lUHHPMt

wrrt = shray—1war + Z sh(Lcyit—1Weit
ntar = sprae +inta
nto = SPreose + int 4
spry = 8prg — Spri (CARt,l — CARmi“) + spradsry_
spray = [1 + sprs (Wei—1 — wrri-1)] spre
spreic = [1+ sprs (Weig—1 — wrre—1)] spry

spri — shray—15pra: — shiLoysi—15presit
shLcysat—1

Spresat =

—sh(Lc)sat—18PTcs2e — Sh(rc)s3i-15PTCs3t

sh(rcoysai—1
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(144)

(145)
(146)

(147)

(148)
(149)

(150)

(157)
(152)

(153)

(154)
(155)
(156)
(157)
(158)
(159)

(160)



A.2.9 Governmentsector

GNS; =T, 4+ CBP, — C(GOV)t —SUB, —intsSEC,_; — 5tK(GOV)t—1

SEC, = SEC,_; + Liovy — GNS, — 8K Govy1 + BAILOUT,
Igcovy = govigYi1
Iccovye = govicYi—1
Licovye = Igcovy + Lo@covy
Kacovye = Kacovy—1 + Lacovye — 0K gcovy—1
Keow@ovy = Ko@ovy—1 + Io@ovy — 0 Kcocovy—1
Kqovy = Kcovye + Kaaovy
K = Kpriye + Kovy
Kai = Kgpriye + Kooy
Kcy = Keprie + Kcoovye
Claovy = govgYi_1
SUB; = T¢y

SUB,

govsypt = —E
NFt—1UCT'g—1

T = TaYHG11
Try = 1T Poi1
Toy = Tc EMISini—1
Ly =Tm+Tr + T

A.2.10 Central banks

(161)
(162)
(163)
(164)
(165)
(166)
(167)
(168)
(169)
(170)
a7
(172)
(173)

(174)

(175)
(176)
(177)
(178)

CBP; = coupongy_1boopi—1 + coupongi—1baopi—1 +int4Ai—1 +ints SECopi—1

Beeopt = saBai—1

Beeopt = scBeoi—1

b _ Beost
ceBt =

Pci
b _ Bgost
GCBt =

Pat

SEOCBt - SEOt - SECHt - SEOBt

179)
(180)

(181)

(182)

(183)

(184)

SECcp: = SECcpi—1 + AHPM; — AA; — pcAbcept — paAbaapr  (185-red)
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Table 8: Symbols and initial values for endogenous variables in the baseline scenario
(Dafermos & Nikolaidi, 2021a).

Symbol  Description Value Remarks/sources

A Advances (US$ trillion) 9.5 Calculated from the identity CAP =L ¢ +L o +HPM +SEC-A-D using the initial
values of CAP, L, L, HPM, SEC; and D

B Value of total corporate bonds (US$ trillien) 12.6 Based on S&P Global Ratings (2019)

BAILOUT Bailout funds provided to the banking system from the government o No bailout is assumed in 2018 since lev  <lev ;™ and CAR >CAR ]

sector

B, Value of conventional corporate bonds (USs trillion) 122 Caleulated from Eq. (114) using the initial values of B and B,

be Number of conventional corporate bonds (trillions) 0122 (Calculated from Eq. (112) using the initial values of p. and B,

Beaa Value of conventional corporate bonds held by central banks (USs 0.2 Calculated from the identity B (=B (4B (s where B, is the estimated

trillion) amount of corporate sector holdings

Biges Number of conventional corporate bonds held by central banks 0.002  (alculated from Eq. (182) using the inftial values of p. and By

(trillions)

By Value of conventional corporate bonds held by households (USs 12.0 Calculated from Eq. (110) using the initial values of B s and B,

trillion)

bey Number of conventional corporate bonds held by households 0.1 Calculated from Eq. (130) using the initial values of p. and B,

(trillions)

B Value of green corporate bonds (U5 trillion) 0.40  Based on Climate Bonds Initiative (2017, 2018); we use the value of the
climate-alligned bonds that has been issued by the financial and the non-
financial corporate sector

be Number of green corporate bonds (trillions) 0.004  Calculated from Eq. (113) using the initial values of p and B,

B Value of green corporate bonds held by central banks (USs trillion)  0.03  Calculated from the identity B ... =prop ¢ *B s where prop ., is the
proportion of green bonds in the total corporate banks held by central
banks and B is the estimated amount of corporate sector holdings

becs Number of green corporate bonds held by central banks (trillions) 0.0003 Calculated from Eq. (183) using the initial values of p; and B ey

Bey Value of green corporate bonds held by households (US4 trillion) 038 Calculated from Eq. (111) using the initial values of B, and Bx

biai Number of green corporate bonds held by households (trillions) 0.0038 Calculated from Eq. (131) using the initial values of p . and By

BP Profits of banks (US$ trillion) 3.40  Calculated from Eq. (137) using the initial values of int ¢, int ¢, Ly Loy,
SECg, D and A

BP, Distributed profits of banks (US3 trillion) 0.76  Calculated from Eq. (140) using the initial values of BP and BP,

BP, Retained profits of banks (US4 trillion) 2.64  Calculated from Eq. (139) using the initial value of BP

Creon Government expenditures (US4 trillion) 14.2 Caleulated from Eq. (172) using the initial value of ¥

Comnp Consumption (U3 trillion) 51.1 No supply-side constraints are assumed in 2018 since
Coonpm # gery +! ooy +Croon <¥"; therefore C teri) =C pryn

Ciompn Consumption when no supply-side constraints exist (US4 trillion) 511 Calculated from Eq. (41) using the initial values of ¥, Ceay, 1oy 2nd
!igowy (sinee C oy =Crpmyn )

cAp Capital of banks (US$ trillion) 9.5 Calculated from Eq. (152) using the initial values of levg, L¢, L, SEC, and
HPM

CAR Capital adequacy ratio 0.1 Caleulated from Eq. (153) using the initial values of CAP, L, L., w, we,
SEC, and HPM

CBP Central banks' profits (USs trillion) 0.4 Calculated from Eq. (17g) using the initial values of coupen ¢, b,
coupon g, bees, A and SECy

CEN Carbon mass of fossil energy sources (Gt) 10.0  Calculated from Eq. (7) using the initial value of EMIS

(02  Cumulative CO, emissions (GtCO,) 2210 Caleulated from the formula COz2 ¢ = T 41/(t = @) using the initial value of
Tﬁ\

CON, Amount of fossil energy resources converted into reserves (EJ) 1650.5 Calculated from Eq. (20) using the initial value of RES

CON Amount of material resources converted into reserves (Gt) 227 Calculated from Eq. (12) using the initial value of RES

coupon,  Fixed coupon paid per conventional corporate bond (US$) 5 Calculated from Eq. (108) using the initial values of p and yield .

coupon, Fixed coupon paid per green corporate bond (US$) 5 Calculated from Eq. (109) using the initial values of p . and yield ;

CR Degree of total credit rationing on loans 0.2 Calculated from Eq. (144) using the initial values of dsr and CAR

R s, Degree of credit rationing on conventional loans of the 'miningand 0.2 Calculated from Eq. (146) using the initial values of w,, w,; and (R

utilities’ sector

Ree, Degree of credit rationing on conventional loans of the 0.2 Caleulated from Eq. (146) using the initial values of w,, w,, and CR

'manufacturing and construction' sector

Reg; Degree of credit rationing on conventional loans of the "transport’ 0.2 Calculated from Eq. (146) using the initial values of w;, w ; and (R

sector

Ry Degree of credit rationing on conventional loans of the "other 0.2 Calculated from Eq. (147) using the initial values of sh ¢, sh e, CR, (R,

sectors’ Resyy s, and (Res,

(R Degree of credit rationing on green loans 0.2 Calculated from Eq. (145) using the initial values of w, w; and CR

D Deposits (US4 trillion) 70.0  Based on Brandmeiretal. (2017)

DC Stock of durable consumption goods (USS trillion) 1413 Caleulated from Eq. (4) using the initial values of K, DEM, & and
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(continued from the previous page)

Symbel  Description Value Remarks/sources
def Firms' rate of default 0.037 Based on World Bank
DEM Demolished/discarded socio-economic stock (Gt) 17.7  Taken from Wiedenhofer et al (201g); the figure refers to the end-of-life
waste from stocks
dep . Energy depletion ratio 0.012  Calculated from Eq. (22) using the initial values of E; and REV
dep y Matter depletion ratio 0.020 Based on World Bank Group (2017)
DL Amount of defaulted loans (US4 trillion) 2.4 Caleulated from Eq. (115) using the initial values of L and def
DP Distributed profits of firms (US4 trillion) 19.8  Calculated from Eq. (52) using the initial values of TP and RP
dsr Debt service ratio of firms 0.46  Calculated from Eq. (118) using the initial values of int oy, int ¢, Ly, Ly
coupon, be, coupong, b and TP
Dy Total proportional damage caused by climate change 0.0039 Calculated from Eq. (46) using the initial value of T 4
Dy Part of damage that affects directly the fund-service resources 0.0035 Calculated from Eq. (48) using the initial values of Dy and D 1,
Dre Part of damage that reduces the productivities of fund-service 0.0004 Calculated from Eq. (47) using the initial value of D
resources
E Energy used for the production of output (EJ) 590 Based on IEA (International Energy Agency); total primary energy supply
is used
ED Dissipated energy (EJ) 390 Calculated from Eq. (18) using the inftial values of E; and E,,
EMIS Total CO, emissions (GtCO.) 424 Calculated from Eq. (26) using the initial values of EMIS ,, and EMIS,
EMIS Industrial CO, emissions (GtCO,) 36.6  Taken from CDIAC (Carbon Dioxide Information Analysis Center)
EMIS, Land-use €O, emissions (GtCO,) 5.5 Taken from CDIAC (Carbon Dioxide Information Analysis Center)
E; Energy produced from fossil sources (EJ) 5015  Calculated from Eq. (17) using the initial values of E and E
Enr Energy produced from non-fossil sources (EJ) 88.5  Calculated from Eq. (16) using the initial values of & and £
GNS Government net saving (USs trillion) 0.2 Calculated from Eq. (161) using the initial values of C ¢, SUB, T, SEC,
(BP, & and K jcoy
- Growth rate of land emissions 0.016  Taken from SSP3, 6.0 W/m’ (see Rizhi et 2l., 2017)
& rer Growth rate of population 0.011  Taken from 55P3, 6.0 W/m® (see Rizhi et al., z017)
govy  Greensubsidyrate 0.0t (Calculated from Eq. (174) using the initial values of SUB, E s and ucr
B Growth rate of pre-taxes levelised cost of generating non-renewable o0.005 Selected from a reasonable range of values
energy
B Growth rate of pre-subsidies levelised cost of generatingrenewable o0.010  Selected from a reasonable range of values
energy
- Growth rate of the autonomous proportion of desired green o.020 Calibrated such that the model generates the baseline scenario
investment funded via bonds
gy, Growth rate of output 0.030 Basedon IMF
Sso Growth rate of the autonomous share of green investmentin total o.001 Calibrated such that the model generates the baseline scenario
investment
g Growth rate of labour productivity 0.021  Calculated from Eq. (94) using the initial values of g, and o,
50 Growth rate of the households' portfolio choice parameterrelated to 0.005  Calculated from Eq. (129) using the initial value of g,
the autonomous demand for green bonds
g Growth rate of CO, intensity -0.004 (Calibrated such that the model generates the baseline scenario
hazratio  Hazardous waste accumulation ratio (tonnes per person) 192 Calculated from Eq. (10) using the initial values of HW ., and POP
HPM High-powered money (US$ trillion) 12.60  Caleulated from Eq. (141) using the initial value of D
HW e Cumulative hazardous waste (Gt) 14.6 Caleulated assuming a constant ratio of hazardous waste to GDP since
1960
Lo Investment of the government sector (US$ trillion) 577 Calculated from the identity | ;q) =(1-prop Y*(1 /Y J*¥ where prop is the
proportion of private investment in total investment (based on data from
IMF), 1Y is the proportion of total investment in GDP (taken from World
Bank)and Y is the initial value of output
! omy Investment of the private sector (US$ trillion) 14.85  Calculated from the identity | ) =prop*(1/¥ }*Y where prop is the
proportion of private investment in total investment (based on data from
IMF), 1Y is the proportion of total investment in GDP (taken from World
Bank)and Y is the initial value of cutput
Lewov) Conventional investment of the government sector (US$ trillion) 558  Calculated from Eq. (165) using the initial values of I ) and I gigay
[ Conventional investment of the private sector (US$ trillion) 14.34  Calculated from Eq. (74) using the initial values of I (g and [ ¢y
Leprps: Conventional investment of the 'mining and utilities’ sector (US$ 0.54  Calculated from the identity | ¢jpps sl ¢pmysr; we use the initial
trillion) values of | jpays, and |gppays,
[ P— Conventional investment of the "'manufacturing and construction’ 3.36 Calculated from the identity | pys:=! prys: | opmys:; We use the initial
sector (US4 trillion) values of | pgys: and ggmps:
Leprpss Conventional investment of the "transport’ sector (US4 trillion) 1.23 Calculated from the identity Leqrmyss = papss -l gpmyss s we use the initial
values of | jpays; and | gppmps;
lepps;  Conventionalinvestment of the 'other’ sectors (US$ trillion) 922 (alculated from the identity | gy, = paysy | cgrayss ; We USe the initial

values of | jpaye, and | gipnpsy
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Symbol  Description Value Remarks/sources
Voreon Green investment of the government sector (US$ trillion) 0.196  Calculated from the identity | ¢ =(+-prop )*green investment ; prop is
the proportion of private investment in total investment based on data
from IMF; green investment refers to total green investment based on
CPI (201g); we use a higher value than the one reported in CPl (2019)
since green investment in our model is not confined to investment in
energy efficiency and renewsables (it also includes investment in
recycling and material efficiency)
Vggeny Green investment of the private sector (USs trillion) 0.5 Caleulated from the identity | ¢y =prop *green investment; prop is the
proportion of private investment in total investment based on data from
IMF; green investment refers to total green investment based on CPI
(2019); we use a higher value than the one reported in CPI (2019 since
green investment in our model is not confined to investment in energy
efficiency and renewables (it also includes investment in recycling and
material efficiency)
Legerpss Green investment of the 'mining and utilities” sector (US$ trillion) 0.2 Calculated from the identity | ¢ pays, =sh cae *1 oy ; e use the initial
value of |5 pey
legnps:  Greeninvestment of the 'manufacturing and construction’ sector 0.04  (Calculated from the identity | s, =5h (gacens: | ooy ; We use the initial
(US4 trillion) value of | ;ps
lepenys;  Greeninvestment of the 'transport’ sector (US$ trillion) 010 Calculated from the identity I ¢pays; =5h greenpss *1 ooy ; We use the initial
value of |5 pey
lompsy ~ Greeninvestment of the "other sectors’ (US4 trillion) 0.12 Caleulated from the identity | ¢ paps, =5h greewyss *1 ogomy ; We use the initial
value of | ;ps
fulmm Desired total investment (US$ trillion) 17.6 Calibrated such that the model generates the baseline scenario
fu;mu}s: Desired total investment of the 'mining and utilities’ sector (Uss 0.9 Calculated from Eq. (55) using the initial value of | U:mw
trillion)
fu:""ﬂ)b: Desired total investment of the 'manufacturing and construction’ 4.04  Calculated from Eq. (55) using the initial value of 1 U:.m“)
sector (USs$ trillion)
fU:.W“)EJ Desired total investment of the 'transport’ sector (US4 trillion) 1.58 Calculated from Eq. (55) using the initial value of | U:.m“)
,IU:.W“)M Desired total investment of the 'other sectors’ (US4 trillion) .09 Calculated from Eq. (55) using the initial value of 1 U:.m“)
fUL:m“}!_ Desired conventional investment of the 'mining and utilities' sector  0.64  Calculated from Eq. (66) using the initial values of | ”:.mm__ and (”G:.m“):_‘
(US4 trillion)
f”qmm: Desired conventional investment of the "'manufacturing and 4.0 Calculated from Eq. (66) using the initial values of | D}.mm: and fD(‘:.m“J::
construction’ sector (US$ trillion)
1° coompss Desired conventional investment of the "transport’ sector (US$ 146 Calculated from Eq. (66) using the initial values of 17 pye; and 17 ¢ mps;
trillion)
f”qmw Desired conventional investment of the "other sectors’ (USs trillion)  10.95  Calculated from Eq. (66) using the initial values of | D:.mw and f”c:mw
fuﬁ:“"ﬂjsr Desired green investment of the 'mining and utilities' sector (US4 0.29  Calculated such that it is reasonably higher than Legpryss
trillion)
f"’crmms: Desired green investment of the 'manufacturing and construction' 0.05  Calculated such that it is reasonably higher than I eqpagss
sector (US4 trillion)
fuc.:wu)sa Desired green investment of the "transpart’ sector (USs trillion) 0.12 Calculated such that it is reasonably higher than I s
f”m S Desired green investment of the "other sectors’ (US4 trillion) 0.4 Calculated such that it is reasonably higher than | ¢,
illiq Firms' flliquidity ratio 0.74  Calculated from Eq. (117) using the initial values of int ¢, int o, Loy, Ley,
coupon, be, coupong, b, w, N, T, T¢, SUB, &, K pry, ¥, (Ry, L
(RgandNL,”
int e, Interest rate on the conventional loans of the 'mining and utilities” 0.08  Calculated from Eq. (156) using the initial value of spr .,
int ¢e, Interest rate on the conventional loans of the 'manufacturing and 0.08  Calculated from Eq. (156) using the initial value of spre,.
construction’ sector
int g Interest rate on the conventional loans of the "transport’ sector 0.08  (Calculated from Eq. (156) using the initial value of spr;
int e, Interest rate on the conventional loans of the 'other sectors’ 0.08  Calculated from Eq. (156) using the initial value of spr .,
int Interest rate on green loans 0.08  Calculated from Eq. (155) using the initizl value of spr
K Total capital stock 275.6  Caleulated from the identity K=(K/Y )*¥; we use the initial value of ¥ and
the capital-to-output has been selected such that the model generates
the baseline scenario
K aow Capital stock of the government 77.2  Caleulated from the identity K g, =(+-prop) *K where prop is the
proportion of private investment in total investment (based on data from
IMF); we use the initial value of K
K ey Capital stock of firms (US$ trillion) 198.4  Calculated from the identity K ) =prop *K where prop is the proportion
of private investment in total investment (based on data from IMF); we
use the initial value of K
K Conventional capital stock (USs trillion) 266.3  Calculated from Eq. (174) using the initial values of K ¢y and K ygoy)
Kegeon Conventional capital stock of the government sector (US4 trillion) 746 (Calculated from Eq. (168) using the initial values of K ¢y, and K ¢cay)
K coay Conventional capital stock of firms (US4 trillion) 1917 Calculated from Eq. (8+) using the initial values of K, and K¢ g
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Symbol  Description Value Remarks/sources
K eqmps: Conventional capital stock of the 'mining and utilities’ sector (US4 10.4 Calculated from the identity K s =5h cvays: *K cmy ; We use the initial
trillion) value of Ky
Kepaps,  Conventional capital stock of the 'manufacturing and construction’  43.9  Calculated from the identity K (s, =5h cyas: *K o ; We use the initial
sector (US4 trillion) value of K ¢pm
Kegags;  Conventional capital stock of the "transport’ sectar (US trillion) 7.2 Calculated from the identity K cpmys; =5h cvays;s *K ey ; we use the initial
value of Ky
Kepaps;  Conventional capital stock of the "other sectors' (US$ trillion) 120.5  Calculated from the identity K ¢(pays, =5h gyayss K sy ; We use the inftial
value of K
Kee Conventional energy capital stock (USs trillion) .7 Calculated from Eq. (89) using the initial values of K gy and K e
K cegpayss Conventional energy capital stock of the 'mining and utilities’ sector 9.8 Calculated from Eq. (84) using the initial value of K s,
(US4 trillion)
K cegpmpsa Conventional energy capital stock of the 'manufacturing and 7.5 Calculated from Eq. (84) using the initial value of K cppys,
construction’ sector (US$ trillion)
K ceqrayss Conventional energy capital stock of the "transport’ sector (USs 15.0 Calculated from Eq. (84) using the initial value of K ¢pys,
trillion)
Keeomys, Conventional energy capital stock of the 'other sectors’ (Us$ trillion)  26.1 Calculated from Eq. (84) using the initial value of K s,
Conventional non-energy capital stock (US$ trillion) 154.6  Calculated from Eq. (go) using the inftial values of K oyegpmys and K igay
Conventional non-energy capital stock of the 'mining and utilities" 0.3 Calculated from Eq. (85) using the initial value of K ¢,
sector (US4 trillion)
K ongprpsz Conventional non-energy capital stock of the "'manufacturing and 36.4  Calculated from Eq. (85) using the initial value of K erpmyss
construction’ sector (USs trillion)
K enegenyss Conventional non-energy capital stock of the "transport’ sector (US$ 2.1 Calculated from Eq. (85) using the initlal value of K s,
trillion)
K ene(erpss Conventional non-energy capital stock of the "other sectors’ (US$ 94.4  Calculated from Eq. (85) using the initial value of K o5,
trillion)
Green capital stock (U5 trillion) 9.3 Calculated from Eq. (170) using the initial values of K¢y and K ¢ygan)
Green capital stock of the government sector (USs trillion) 2.6 Calibrated such that the model generates the baseline scenario
Green capital stock of firms (U5 trillion) 6.7 Caleulated from the formula K ¢ ) =3 *K g using the initial values of x
and K g
Green capital stock of the 'mining and utilities’ sector (US4 trillion) 3.3 Calculated from the identity K ¢pmys, =5h caeens: *K ooy 3 We use the initial
value of Ky
Kepmps:  Green capital stock of the 'manufacturing and construction' sector 0.5 Caleulated from the identity K ¢ pmys: =5h gneenyss * K ooy § We use the initial
(VS trillion) value of K¢y
Kopmps;  Green capital stock of the "transport’ sector (US4 trillion) 1.4 Calculated from the identity K ¢ pys; =5h jgaeens; *K oony 3 we use the
initial value of Ky
Kemps,  Green capital stock of the 'other sectors’ (US4 trillion) 1.5 Caleulated from the identity K ¢ pays =5h (gneesysq *K gony 3 We use the
initial value of K¢
Kee Green energy capital stock (US$ trillion) 6.7 Calculated from Eq. (87) using the initial values of K gy and Kegoon
Keepnys,  Greenenergy capital stock of the 'mining and utilities” sector (US$ 3.2 Calculated from Eq. (82) using the initial value of K s,
trillion)
Keepys:  Greenenergy capital stock of the 'manufacturing and construction' 0.1 Calculated from Eq. (82) using the initial value of K ¢ s,
sector (US4 trillion)
K cegprpss Green energy capital stock of the "transport’ sector (US4 trillion) 1.2 Calculated from Eq. (82) using the initial value of K s,
Keemysy  Greenenergy capital stock of the 'other sectors’ (US4 trillion) 0.3 Calculated from Eq. (82) using the initial value of K ¢ s,
Kene Green non-energy capital stock (US$ trillion) 2.7 Calculated from Eq. (88) using the initial values of K ¢y (pay and K eon
Kenegnps, CGreen non-energy capital stock of the 'mining and utilities’ sector 0.1 Calculated from Eq. (83) using the initlal value of K s,
(VS trillion)
K necpris Green non-energy capital stock of the 'manufacturing and 0.4 Calculated from Eq. (83) using the initial value of K g5,
construction’ sector (US4 trillion)
K onecpnnss Green non-energy capital stock of the 'transport’ sector (US4 trillion) 0.2 Calculated from Eq. (83) using the initial value of K s ;
K enecpnps Green non-energy capital stock of the 'other sectors’ (US$ trillion) 1.2 Calculated from Eq. (83) using the initial value of K ¢gpqs,
Kseg Sequestration capital (US trillion) 0.0 Calculated from Eq. (g1) using the initial values of K gxqpmps, and K segommss
Koequmps, Sequestration capital of the 'mining and utilities’ sectar (US$ trillion) 0.0t Calculated from Eq. (86) using the initial value of K ¢ s,
Kequemys:  Sequestration capital of the 'manufacturing and construction’ sector  0.002  Calculated from Eq. (86) using the initial value of K eprysz
(VS trillion)
L Total loans of firms (US4 trillion) 65.9  Caleulated from the identity L =(credit-B (Y )*Y; credit is the credit to the
non-financial corparations in percent of GDP taken from BIS (Bank for
International Settlements); it is assumed that credit includes bath loans
and bonds
Le Conventional loans (US$ trillion) 63.7  Calculated from Eq. (76) using the initial values of L and L,
. Conventional loans of the "mining and utilities’ sector (US4 trillion) 3.4 Calculated from the identity L ¢, =sh g4c, *L ¢; we use the initial value of

Le
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Symbel  Description Value Remarks/sources
Lo Conventional loans of the 'manufacturing and construction’ sector  14.6  Calculated from the identity L ¢, =5h (¢4)s. *L ; we use the initial value of
(VS trillion) L
Legy Conventional loans of the "transport’ sector (USs trillion) 5.7 Calculated from the identity L ¢, =sh g ya5; *L¢; we use the initial value of
L\'_
Les, Conventional loans of the "other sectars' (US$ trillion) 40.0  Calculated from the identity L g, =5h a5, *L ¢; we use the initial value of
Le
by Green loans (US$ trillion) 2.2 Calculated by assuming that Lo /L=K ¢ /K (pay =2¢; we use the initial
values of 3 and L
Les Green loans of the "mining and utilities' sector (US$ trillion) 0.1 Calculated from the identity L ¢, =sh ¢a)s, *L o ; we use the initial value of
Le
Lesa Green loans of the "manufacturing and canstruction” sector (US$ 0.5 Calculated from the identity Lgg,=sh 45, *L ¢ ; we use the initial value of
trillion) e
Lgss Green loans of the "transport’ sector (US$ trillion) 0.2 Calculated from the identity | gq; =sh gya)55 *L ¢ ; We use the initial value of
Le
Less Green loans of the "other sectors' (U5 trillion) 1.4 Calculated from the identity Lgs, =sh o5, *L o ; we use the initial value of
L(.u
lev g Banks' leverage ratio 9.4 Based on World Bank
LF Labour farce (billion pecple) 3.43  Taken from World Bank
if, Autonomous labour force-to-population ratio 0.45  Calculated from Eq. (135) using the initial values of LF, POP, hazratio and
D
M Extraction of new matter from the ground, excluding the matter 47.4  Caleulated from Eq. (2) using the initial values of M and REC
included in fossil energy sources (Gt)
MY Matter necessary for the preduction of output (Gt) 52.2  Taken from Wiedenhofer et al. (201g); the figure refers to primary plus
secondary stock-building Inputs
N Number of employees (billion peaple) 3.2 Calculated from the definition of the rate of employment (re=N/LF ) using
the initial values of re and LF
NL g, Desired new amount of conventional loans of the 'mining and 0.43  Calculated from Eq. (68) using the initial values of lesa™s Beny P, Lesas 6,
utilities’ sector (US4 trillion) Ke, and be
NL s Desired new amount of conventional loans of the "'manufacturing 3.03  Calculated from Eq. (68) using the initial values of 1 .”, 8., RP, L1, 6,
and construction’ sector (US4 trillion) Koo
Nf_ﬁj'—’ Desired new amount of conventional loans of the 'transport’ sector  1.08  Calculated from Eq. (68) using the initial values of |« b Bs,,RP, Loy, 5,
(US4 trillion) Keey and b
NLeg,” Desired new amount of conventional loans of the 'other sectors' 830 Calculated from Eq. (68) using the initial values of I .5, ", B<,, RP, L e, 6,
(US54 trillion) Ko, andbe
NLgs” Desired new amount of green loans of the 'mining and utilities’ 0.3 Calculated from Eq. (67) using the initial values of I ., %, 8,, RP, L ¢, §,
sector (US4 trillion) K b
NL¢s,” Desired new amount of green loans of the 'manufacturing and 0.07  Calculated from Eq. (67) using the initial values of I ...”, 8., AP, Less, 5,
construction’ sector (US4 trillion) K osiandb;
NLgss” Desired new amount of green loans of the 'transport’ sector (US$ 0.07  (Calculated from Eq. (67) using the initial values of I i, ”, 8.;, RP, L¢g;, 6,
trillion) Koy and by,
NLgs,” Desired new amount of green loans of the 'other sectors’ (USs 019 Calculated from Eq. (67) using the initial values of 1 ., ", B+,, RP, Les,, 8,
trillion) Ko, and by
02 Oxygen used for the combustion of fossil fuels (Gt) 26.6  Calculated from Eq. (8) using the initial values of EMIS », and CEN
pe Market price of conventional corporate bonds (US$) 100 The price has been normalised such that it is equal to US4$100 (the par
value of bonds) in 2018
P Market price of green corporate bonds (US$) 100 The price has been normalised such that it is equal to US$100 (the par
value of bonds) in 2018
POP Population (billions) 7.63  Taken from the $5P3 6.0 Wjm® scenario (see Riahi et al., 2017)
r Rate of total profits 0105 Calculated from Eq. (53) using the initial values of TP and Kz
re Rate of employment 0.95  Calculated from Eq. (99) using the initial value of ur
REC Recycled socio-economic stock (Ct) 4.8 Taken from Wiedenhofer et al (2019); the figure refers to end-of-life
waste from stocks minus final waste, after recyeling
RES Fossil energy resources (EJ) 550183 Taken from BGR (2019, p. 39)
RES Material resources (Gt) 151305 Calculated by assuming RES ,,/REV,, =63.8 (based on UNEP, 2011)
REV, Fossil energy reserves (EJ) 40237 Taken from BGR (201g, p. 39)
REV Materfal reserves (Gt) 2371 Calculated from Eq. (14) using the initial values of M and dep
RP Retained profits of firms (US$ trillion) 1.0 Calculated from Eq. (51) using the initial value of TP
SEC Total outstanding amount of government securities 70.0  Calculated from the identity general government debt-to-GDP =SEC/Y
using the initial value of ¥ and the value of the general government debt-
to-GDP ratio (taken from IMF)
SEC, Government securities held by banks (US$ trillion) 10.5  Calculated by assuming that SEC/SEC=0.15 based on Abbas et al. (2014)
SECs Government securities held by central banks (USs trillion) 2.8 Calculated from the identity SEC.,=HPM+V P bcs-Debece-A using the

initial values of Vg, becs, bees, A and HPM
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Symbol  Description Value Remarks/sources
SEC,, Government securities held by households (U3 trillion) 56.7  Calculated from Eq. (184) using the initial values of SEC, SEC.4 and SEC,
seq Proportion of carbon that is sequestrated 0.002 Based on GCCS (2019, p. 20)
SES Socio-econamic stock (Gt) 1230.5 Caleulated from the identity SES =u (K +DC) using the initial values of u, K
and DC
sh ey Share of desired green loans in total desired loans 0.03  Calculated from the formula sh . ¢) =ENL ., ° J(ENL ., ° +INL ,°) using the
initial values of NL.,” and NL "
shiueys,  Share of desired conventional loans in total desired loans, 'mining 0.05  Calculated from the formula sh ¢y, =NL g, “ [(ENL ¢, ° +INL ,°) using the
and utilities” sector initial values of NL .,” and NL "
shiueys, Share of desired conventional loans in total desired loans, 0.22  (Calculated from the formula sh NLc,” [(ENL¢;” +ENL " ) using the
'manufacturing and construction' sector initial values of NL ., and NL,°
shuers Share of desired conventional loans in total desired loans, 'transport’  0.09  Calculated from the formula sh s =NLL=3U,"(ZNLQD-QNLQD}usingthe
SechoL initial values of NL ¢,” and NL,”
shuersy Share of desired conventional loans in total desired loans, 'other 0.61  Calculated from the formula sh 5, =1-5h 10y -5h eys5h ey =sh s
sectors’
shyy Share of loans in total firm liabilities 0.84  Calculated from the formula sh =L /(L +B) using the initial values of L
and B
shy s  Shareof conventionalloans in total loans, 'mining and utilities’ sector 0.05  Calculated from the formula sh ), =L ¢, /L using the initial values of L
and L,
shioe Share of conventional loans in total loans, 'manufacturing and 0.2z Calculated from the formula sh ). =L 5. /L using the initial values of L
construction' sector and L,
shys;  Shareof conventionalloans in total loans, 'transpart’ sector 0.09  Calculated from the formula sh ¢, =L s, /L using the initial values of L
and L,
shys,  Shareof conventionalloans in total loans, 'other sectors’ 0.61  Calculated from the formula sh ¢, =L ¢, /L using the initial values of L
and L,
shig Share of green loans in total loans 0.03  Calculated from the formula sh ) =L ¢ /L using the initial values of L and
L(.u
spr Spread on total loans 0.05 Based on World Bank
spre Spread on green loans 0.05  Caleulated from Eq. (158) using the initial values of w;, w ; and spr
SPr s, Spread on conventional loans of the 'mining and utilities’ sector 0.05  Calculated from Eq. (159) using the initial values of w,, w,; and spr
SPreg, Spread on conventional loans of the 'manufacturing and 0.05  Calculated from Eq. (159) using the initial values of w ., w ; and spr
construction’ sector
SPTess Spread on conventional loans of the 'transport’ sector 0.05  Calculated from Eq. (159) using the initial values of w ., w; and spr
SPresy Spread on conventional loans of the "other sectors’ 0.05  Calculated from Eq. (160) using the initial values of sh ., spr, spr. and
SPF sy SPFes, and spreg,
SuUB Green government subsidies 0.044 (alculated from Eq. (173) using the initial value of T
T Total taxes (US$ trillion) 19-4  Calculated from Eq. (178) using the initial values of Ty, Tr and T
Tar Atmospheric temperature change from the pre-industrial period (°C) 114 Taken from European Environment Agency/NOAA
Te Revenues from carbon taxes (U3s trillion) 0.044 Taken from World Bank Group (201g)
T; Taxes on firms' profits (US$ trillion) 3.6 Calculated from Eq. (176) using the initial value of TP
T Taxes on households' disposable income 15.8  Calculated from Eq. (175) using the initial value of ¥,
P Total profits of firms (USs trillion) 20.8  Calculated from Eq. (50) using the initial values of TP, T;, T, and SUB
TP, Tatal gross prafits of firms (USs trillion) 24.4  Calculated from Eq. (49) using the initial values of ¥, w, N, Lo, Ly, int g,
intg, 8, Ky, couponc, b, coupong andbg
tuen Total unit cost of preducing renewable energy 0.03  Calculated from Eq. (61) using the initial values of ucn, T, w and seq
tucr Total unit cost of generating non-renewable energy 0.03  Calculated from Eq. (60) using the initial values of ucr and gov ,
u Rate of capacity utilisation 0.72  Based on World Bank, Enterprise Surveys
ucn Pre-taxes levelised cost of generating non-renewable energy (US$  0.028 Based on IRENA (2019)
trillion/Gt)
ucr Pre-subsidies levelised cost of producing renewable energy (US4 0.034 Based on IRENA(201g)
trillion/Gt)
ue Rate of energy utilisation 0.01  (Caleulated from Eq. (43) using the initial values of ¥ and Y
um Rate of matter utilisation 0.02  (Caleulated from Eq. (42) using the initial values of Y, C (60w and Y, i
ur Unemployment rate 0.05 Based on World Bank
v Capital productivity 0.60  Calculated from Eqs. (38) and (44) using the initial values of ¥, u and K
Veg Wealth of central banks (US# trillion) o It is assumed that there are no accumulated capital gains for the central
banks
Vi Wealth of households (U3$ trillion) 1553.8  Calculated from the identity V,,=DC+D+p b+ pcb,+SEC, using the
initial values of SECy, by, by, DCand D
Vi Financial wealth of households (US$ trillion) 1391 Calculated from the identity V=D +p ¢ by +p ¢ b ey +SEC,, using the initial
values of SEC,;, p¢, by Pey bey and D
w Annual wage rate (USs trillion/billions of employees) 14.30  Calculated from Eq. (97) using the initial value of A
w Waste (Gt) 12.87  Calculated from the identity W=DEM -REC using the initial values of DEM

and REC

92



(continued from the previous page)

Symbeol  Description Value Remarks/sources
Wes, Risk weight on conventional loans provided to the 'mining and 1 Based on BCBS (2006)
utilities’ sector
Wees Risk weight on conventional loans provided to the 'manufacturing 1 Based on BCBS (2006)
and construction’ sector
Wess Risk weight on conventional loans provided to the 'transport’ sector 1 Based on BCBS (2006)
W, Risk weight on conventional loans provided to the 'other sectors’ 1 Based on BCBS (2006)
we Risk weight on green loans 1 Based on BCBS (2006)
W Risk weight on total loans 1 Calculated from Eq. (154) using the initial values of wg, wg, shy,¢),
sh {LE)Ss sh (LE)S2 and sh [Le)ss
X, Proportion of desired conventional investment funded via bonds 0.0z  Calibrated such that the model generates the baseline scenario
X, Proportion of desired green investment funded via bonds o.02  Calibrated such that the model generates the baseline scenario
X Autonomous proportion of desired green investment funded via 0.03  Calculated from Eq. (103) using the initial values of yield . and x,
bonds
Y Output (USs trillion) 85.9  Taken from World Bank (2018 prices)
¥ Potential output (US4 trillion) 90.8  Calculated from Eq. (40) using the initial values of ¥, ", ¥, ¥, " and ¥,
s Energy-determined potential output (US55 trillion) 6894.4 Calculated from Eq. (37) using the initial values of REV,, 8 and =
¥y Disposable income of households (US$ trillion) 54.9  Calculated from Eq. (120) using the initial values of ¥, and T,
¥ s Household disposable income net of depreciation (USs trillion) 437 Calculated from the identity ¥ 4, =Y ;-£DC using the initial values of ¥, and
DC
Yo Gross disposable income of households (USs trillion) 70.7  Calculated from Eq. (119) using the initial values of w, N, DP, BP 5, D,
SECy, coupon ¢, by, coupon, and by
yield . Yield on conventional corporate bonds 0.05 Based on FTSE Russell (2018)
yield Yield on green corporate bonds 0.05 Based on FTSE Russell (2018)
¥ o Capital-determined potential output (USs trillion) 119.3  Calculated from Eq. (38) using the initial values of v and K ;5
Yo Matter-determined potential output (US$ trillion) 3263.6 Calculated from Eq. (36) using the initial values of REV,,, REC and u
Y Labour-determined potential output (US4 trillion) 90.8  Caleulated from Eq. (39) using the initlal values of A and LF
8., Share of desired green investment of the 'mining and utilities’ sector 032 Calculated from Eq. (56) using the initial values of | ® enps: and 1° gprpe,
in total investment
B, Share of desired green investment of the 'manufacturing and 0.01 Caleulated from Eq. (56) using the initial values of | u:w“)!: and| ”L;-“.“JE:
construction’ sector in total investment
353 Share of desired green investment of the "transport’ sector in total 0.08  Calculated from Eq. (56) using the initial values of | D:"'“J=3 and (”c:.m“):j
investment
Bs, Share of desired green investment of the 'other sectors' in total 0.01 Calculated from Eq. (56) using the initial values gﬂu:mﬂm and ‘Do:'l--um
investment
B Autonomous share of desired green Investment of the 'mining and 0.37 Calculated from Eq. (57) using the initial values of 8., tuen, tucr, sh,,
utilities’ sector in total investment inte, int cs,, vield, and yield,
B oss Autonomous share of desired green investment of the 0.03  Calculated from Eq. (57) using the initial values of 6.,, tuen, tucr, sh,,
'manufacturing and construction' sector in total investment inte, int e, yield, and yield .
Bus; Autonomous share of desired green Investment of the "transport’ o.1 Calculated from Eq. (57) using the initial values of 8;, tuen, tucr, sh,,
sector in total investment intg, int e, yvield; and yield
Bs, Autonomous share of desired green investment of the "other 0.0z Calculated from Eq. (57) using the initial values of 8, tucn, tucr, sh,
sectors' in total investment Intg, int e, yiel  and yield
& Depreciation rate of capital stock 0.05  Calculated from Eq. (92) using the initial value D
£ Energy intensity (EJ/US$ trillion) 6.87  Caleulated from Eq. (15) using the initial values of E and ¥
8 Share of non-fossil energy in total energy 0.15 Based on IEA (International Energy Agency); total primary energy supply
is used
Ratio of green capital to total capital 0.03  Calculated from Eq. (75) using the initial values of I,y and 1
A Hourly labour productivity (US$ trillion/(billions of employees*annual 0.0t Calculated from Eq. (98) using the initial values of ¥ and N
hours worked per employee))
Ao Households’ pertfolio choice parameter related to the autonomous  0.01  Calculated from Eq. (126) using the initial values of By, Vi, Dy, yield,,
demand for green bonds yield, and Y,
u Material intensity (kg/s) 073 Calculated from Eq. (1) using the initial values of MY, Cjgqy) and ¥
p Recycling rate 0.27  Caleulated from Eq. (3) using the initial values of REC and DEM
o, Autonomous growth rate of labour productivity -0.01  Calibrated such that the model generates the baseline scenario
T Carbon tax 0.001  Calculated from Eq. (177) using the initial values of EMIS 5, and T
w C0, intensity of fossil energy (GtCO,/EJ) 0.07  Calculated from Eq. (23) using the initial values of EMIS ,, E; and seq
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Table 9: Symbols and values for parameters and exogenous variables in the baseline
scenario (Dafermos & Nikolaidi, 2021a).

Symbol  Description Value  Remarks/sources

ad, Fraction of gross damages to capital stock avoided through 0.80 Selected from a reasonable range of values

adaptation

ad Fraction of gross damages to labour force avoided through adaptation o0.95 Selected from a reasonable range of values

adp Fraction of gross damages to productivity avoided through adaptation o.95 Selected from a reasonable range of values

ci Propensity to consume out of disposable income 0.83 Calibrated such that the model generates the baseline scenario

5 Propensity to consume out of financial wealth 0.05 Based on econometric estimations for a panel of countries over the

: period 1995-2018 (availzble upon request)

cAR™" Minimum capital adequacy ratio 0.08 Based on the Basel lll regulatory framework

con Conversion rate of fossil energy resources into reserves 0.003  Selected from a reasonable range of values

cony, Conversion rate of material resources into reserves 0.0015 Selected from a reasonable range of values

(R ™ Maximum degree of credit rationing 0.5 Selected from a reasonable range of values

dd., Degree of dirtiness of the 'mining and utilities’ sector 8.84 Calculated from the formula dd o, = (carbon ,/GVA ;,) [{carbon [GVA)
where carbon ., denotes the carbon emissions of sector 51, carbon
denotes the total carbon emissions (taken from IEA), GVA ¢, is the gross
value added of sector 51 and GVA is the total gross value added (taken
from UN)

dd., Degree of dirtiness of the 'manufacturing and construction’ sector ~ 0.81 Calculated from the formula dd s, = (carbon ;. /GVA ., ) [(carbon [GVA)
where carbon ., denotes the carbon emissions of sector 52, carbon
denotes the total carbon emissions (taken from IEA), GVA ., is the gross
value added of sector 52 and GVA is the total gross value added (taken
from UN)

dd; Degree of dirtiness of the "transport’ sector 2.73 Calculated from the formula dd ;= (carbon ;/GVA.; ) [(carbon [GVA)
where carbon ¢; denotes the carbon emissions of sector 53, carbon
denotes the total carbon emissions (taken from IEA), GVA ¢; is the gross
value added of sector 53 and GVA is the total gross value added (taken
from UN)

dd., Degree of dirtiness of the 'other sectors’ 0.16 Calculated from the formula dd o, = (carbon ., /GVA ., ) [(carbon [GVA)
where carbon ;, denotes the carbon emissions of sector 54, carbon
denotes the total carbon emissions (taken from IEA), GVA ¢, Is the gross
value added of sector 54 and GVA is the total gross value added (taken
from UN)

def ™ Maximum default rate of loans 0.2 Selected from a reasonable range of values

def, Parameter of the default rate function 4.41 Calculated from Eq. (116) using the initial value of illiq

def, Parameter of the default rate function 6.2 Calibrated such that the model generates the baseline scenario

def . Parameter of the default rate function (related to the sensitivity of ~ 8.29 Selected from a reasonable range of values

the default rate to the illiquidity ratio of firms)

gov, Share of government expenditures in output 0.17 Based on World Bank; the figure includes only the consumption
government expenditures

govy Share of conventional public spending in output 0.07 Calculated from Eq. (164) using the initial values of ¥ and I ¢cany

govy Share of green public spending in output 0.0023  Caleulated from Eq. (163) using the initial values of ¥ and | ;c0v)

h Annual working hours per employee 1900 Based on Penn World Table 9.1 (see Feenstra et al., 2015)

h, Banks' reserve ratio 0.18 Based on World Bank

h, Banks’ government securities-to-deposits ratio 0.15 Calculated from Eq. (142) using the initial values of SEC; and D

haz Proportion of hazardeus waste in total waste 0.04 EEA (2012, p. 22) reports a figure equal to 3.7% for EU-a7

int , Interest rate on advances 0.03 Based on Global Interest Rate Monitor

inty, Interest rate on deposits 0.025 Based on World Bank

int Interest rate on government securities 0.025 Based on FTSE Russell (2018)

1. Parameter in the function of the credit rationing on 1.00 Selected from a reasonable range of values

) greenfconventional loans (related to the sensitivity of credit rationing
to the difference between the weight on greenfconventional loans
and total loans)

lev,™  Maximum leverage ratio 33.33 Based on the Basel lll regulatory framewark (the Basel lll bank leverage
can be proxied by the capital-to-assets ratio and its minimum value is 3%;
since in our model the bank leverage is defined as the assets-to-capital
ratio, the maximum value used is equal to 1/0.03)

If. Sensitivity of the labour force-to-population ratio to hazardous waste  o0.001 Selected from a reasonable range of values

p Share of productivity damage in total damage caused by climate 0.1 Selected from a reasonable range of values

change

[ Par value of conventional corporate bonds (U34) 100 The par value of bonds is assumed to be always equal to USs100

A Par value of green corporate bonds (US$) 100 The par value of bonds is assumed to be always equal to US$100

pr Ratio of demand-determined output to supply-determined output 0.99 Selected such that it is reasonably close to 1

under the existence of supply-side constraints
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Symbel  Description Value  Remarks/sources
Ty Parameter in the function of the credit rationing on total loans 1.50 Calibrated such that the initial value of credit rationing is 20%. This figure
is slightly higher than the one implied by the results in ECB (2017) that rely
on the Survey on Access to Finance of Enterprises (SAFE) that covers EU
countries. This is because credit rationing is expected to be higher in
emerging and developing countries
r, Parameter in the function of the credit rationing on total loans 5.06 Calibrated such that the initial value of credit rationing is 20%. This figure
is slightly higher than the one implied by the results in ECB (2017) that rely
on the Survey on Access to Finance of Enterprises (SAFE) that covers EU
countries. This is because credit rationing is expected to be higher in
emerging and developing countries
ES Parameter in the function of the credit rationing on total loans 13.03 Based on econometric estimations for a panel of countries over the
(related to the sensitivity of credit rationing to the debt service ratio) period 1995-2018 (availzble upon request)
5 Parameter in the function of the credit rationing on total loans 14,01 Based on econometric estimations for a panel of countries over the
(related to the sensitivity of credit rationing to the capital adequacy period 1995-2018 (availzble upon request)
ratio of banks)
rep Loan repayment ratio 0.1 Selected from a reasonable range of values
sy Banks' retention rate 0.80 Calibrated such that the model generates the baseline scenario
S¢ Share of conventional corporate bonds held by central banks (USs$ 0.02 Calculated from Eq. (181) using the initial values of B, and B
trillion)
55 Firms' retention rate 0.05 Calibrated such that the model generates the baseline scenario
Sg Share of green corporate bonds held by central banks (USs trillion)  0.06 Calculated from Eq. (180) using the initial values of B, and B,
Sy Wage income share 0.54 Based on Penn World Table g.1 (see Feenstra et al., 2015)
sh ensigss Share of industrial emissions of the sector 'mining and utilities’ to 0.47 Calculated from the equation carbon , [Zcarbon ¢, where carbon
totalindustrial emissions denotes the industrial emissions of the i sector taken by IEA
sh emsns: Share of industrial emissions of the sector 'manufacturing and 0.19 Calculated from the equation carbon ., [Zcarbon ., where carbon
construction’ to total Industrial emissions denotes the industrial emissions of the i sector taken from IEA
sh emsngs; Share of industrial emissions of the sector 'transport’ to total 0.24 Calculated from the equation carbon g, [Zcarbon ; where carbon g
industrial emissions denotes the industrial emissions of the i sector taken from IEA
sh emsns Share of industrial emissions of the 'other sectors’ to total industrial  o0.10 Calculated from the equation carbon «, [Ecarbon , where carbon
emissions denotes the industrial emissions of the i sector taken from IEA
sh (CREEN)SH Share in green investment, "'mining and utilities’ sector 0.49 Based on (Pl (z2019)
sh eneens: Share in green investment, 'manufacturing and construction' sector  0.08 Based on CPl(2019)
sh creenys; Share in green investment, transport’ sector 0.21 Based on CPl(201g)
sh (CREEN)S: Share in green investment, 'other sectors' 0.23 Based on CPl(2019)
shigus,  Shareintotal gross value added, 'mining and utilities’ sector 0.05 Caleulated from the equation GVA ;,[EGVA i where GVA , denotes the
gross value added of the i sector taken from UNCTAD
shiguays: Shareintotal gross value added, 'manufacturingand construction”  0.23 Caleulated from the equation GVA ¢, (FGVA , where GVA , denotes the
sector gross value added of the i sector taken from UNCTAD
shicuys; Sharein total gross value added, 'transport’ sector 0.09 Calculated from the equation GVA ; [EGVA 5, where GVA ;; denotes the
gross value added of the i sector taken from UNCTAD
shigus, Shareintotal gross value added, 'other sectors’ 0.63 Calculated from the equation GVA ¢, [EGVA ¢, where GVA ;; denotes the
gross value added of the i sector taken from UNCTAD
spr Parameter in the function of the spread on total loans 0.04 Calculated from Eq. (157) using the initial values of CAR and dsr
spr, Parameter in the function of the spread on total loans (relatedto the  o0.03 Based on econometric estimations for a panel of countries over the
sensitivity of spread to the capital adequacy ratio of banks) perfod 1995-2018 (the econometric estimations are available upen
request)
spr, Parameter in the function of the spread on total loans (relatedto the  o0.02 Based on econometric estimations for a panel of countries over the
sensitivity of spread to the debt service ratio of firms) period 1995-2018 (the ecanometric estimations are available upon
request)
spry Parameter in the function of the spread on green/conventional loans  1.00 Selected from a reasonable range of values
(related to the sensitivity of spread on greenfconventional loans to
the difference between the weight on green/conventional loans and
total loans)
t, Coefficient capturing the timescale of the initial adjustment of the 0,500  Takenfrom Dietz and Venmans (201g)
climate system to an increase in cumulative emissions
t, Coefficient that captures the global warming that stems from non- 11 Taken from Dietz and Yenmans (201g)
CO, greenhouse gas emissions
Wy Risk weight on high-powered money 0 Based on BCBS (2006)
Wy Risk weight on government securities 0 Based on BCBS (2006)
Xu Autonomous propoertion of desired conventional investment funded o0.03 Calculated from Eq. (102) using the initial values of yield . and x,
via bonds
yo Sensitivity of the proportion of desired conventional investment 0.25 Selected from areasonable range of values

funded via bonds to the conventional bond yield
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Symbel  Description Value  Remarks/sources
X Sensitivity of the proportion of desired green investment funded via o0.25 Selected from a reasonable range of values
: bonds to the green bond yield
s Parameter In the desired investment function 0.19 Calibrated such that the model generates the baseline scenario
o, Parameter in the desired investment function 0.30 Calibrated such that the model generates the baseline scenario
o, Parameter in the desired investment function (related to the 1.03 Based on econometric estimations for a panel of countries over the
sensitivity of investment to the capacity utilisation) period 1g50-2017 (available upon request)
o, Parameter in the desired investment function (related to the 119 Based on econometric estimations for a panel of countries over the
sensitivity of investment to the rate of profit) period 1950-2017 (available upon request)
o, Parameter in the desired investment function (related to the 0.08 Based on econometric estimations for a panel of countries over the
sensitivity of investment to the unemployment rate) period 1950-2017 (available upon request)
oy, Parameter in the desired investment function (related to the 0.5 Selected from a reasonable range of values
sensitivity of investment to the unemployment rate)
o, Parameter in the desired investment function (related to the 0.1 Selected from a reasonable range of values
sensitivity of investment to the energy utilisation rate)
oy Parameter in the desired investment function (related to the 0.99 Selected from areasonable range of values
sensitivity of investment to the energy utilisation rate)
o, Parameter in the desired investment function (related to the 0.1 Selected from a reasonable range of values
sensitivity of investment to the matter utilisation rate)
o, Parameter in the desired investment function (related to the 0.99 Selected from a reasonable range of values
sensitivity of investment to the matter utilisation rate)
Autonomous share of desired green investment in total investment 20 Calibrated such that the model generates the baseline scenario
i Sensitivity of the desired green investment share to the interestrate 1 Selected from a reasonable range of values
: differential between green loans/bonds and conventional
loans/bonds
Ye Proportion of energy government capital in total government capital  0.714 Based on CPl(201g)
Yer Proportion of energy capital in the total capital of the sector 51 0.96g  Basedon CPl(201g)
Yes Proportion of energy capital in the total capital of the sector 52 0.170 Based on CPI(201g)
Yes Proportion of energy capital in the total capital of the sector 53 0.875 Based on (Pl (z2019)
Ve, Proportion of energy capital in the total capital of the sector 54 0.217 Based on CPl(2019)
¥z Proportion of sequestration capital in the green energy capital of the o0.003 Based on IEA
sector
Vseqn Proportion of sequestration capital in the green energy capital of the 0.018 Based on IEA
sector
5, Depreciation rate of capital stock when there are no climate damages 0.048  Based on Penn World Table 9.1 (see Feenstra et al.,, 2015)
£max Maximum potential value of energy intensity (EJ/US$ trillion) 12 Selected such that it is reasonably higher than initial £
gmin Minimum potential value of energy intensity (EJ/US$ trillion) 2 Selected such that it is reasonably higher than o
Z Rate of decline of the (absclute) growth rate of w o.oo0t  Calibrated such that the model generates the baseline scenario
& Rate of decline of the growthrate of § 0.100 Calibrated such that the model generates the baseline scenario
Cs Rate of decline of the autonomous (abselute) growth rate of A 0.01 Calibrated such that the model generates the baseline scenario
T Rate of decline of the growth rates of x ., 0.40 Calibrated such that the model generates the baseline scenario
o Rate of decline of the growth rate of population o.0160  Calibrated such that the model generates the baseline scenario
Cs Rate of decline of the autonemous labour force-to-populationratio  o0.oo03  Calibrated such that the model generates the baseline scenario
¢ Rate of decline of the growth rate of ucr o000  Calibrated such that the model generates the baseline scenario
(s Rate of decline of the growth rate of ucn o.0500 Calibrated such that the model generates the baseline scenario
o Rate of dacline of the growth rate of EMIS | o.0140  Calibrated such that the model generates the baseline scenario
T Parameter linking the demand for green bonds with their supply 0.18 Calibrated such that the model generates the baseline scenario
n, Parameter of the damage function ] Based on Dietz and Stern (2015); Dy =50% when T 4 =4°C
n. Parameter of the damage function 0.00284 Based on Dietz and Stern (2015); D =50% when T 4y =4°C
N5 Parameter of the damage function 0.00008 Based on Dietz and Stern (2015); Dy =50% when T 4y =4°C
s Parameter of households portfolio choice 0.42 Calculated from Eq. (124) using the initial values of SECy,, Ve, D, yield.,
yield; and ¥
o Parameter of households' portfolio choice 0.10 Selected from a reasonable range of values
Au Parameter of households' portfolio choice 0.03 Calculated from the constraint A, =-A -4 3,4,
7 0 Parameter of households’ portfolio choice -0.01 Selected from areasonable range of values
,1_} Parameter of households' portfolio choice -0.01 Selected from areasonable range of values
Ay Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
As Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
X Parameter of households portfolio choice 0.09 Calculated from Eq. (125) using the initial values of By, VD 1, yield .,
yield, and Yy
ey Parameter of households' portfolio choice -0.20 Selected from a reasonable range of values
A, Parameter of households' portfolio choice -0.01 Calculated from the constraint 4,,=4 ,,
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Symbel  Description Value  Remarks/sources
A Parameter of househelds' portfolio choice 0.03 Calculated from the constraint A ,,=-4 ,,-4 ;,-4 .
Xs Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
Ay Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
A, Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
7\;:‘ Parameter of households' portfolio choice 0.00 Climate damages are assumed to have no impact on the holdings of
green bonds
s Parameter of households’ portfolio choice -0.01 Calculated from the constraint 4 ;,=4
A Parameter of households' portfolio choice -0.01 Calculated from the constraintd,,=4
1}5 Parameter of households' portfolio choice 0.03 Calculated from the constraintljj A .J,;{:j,)‘ﬂ
gy Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
Ass Parameter of households' portfolio choice -0.01 Selected from a reasonable range of values
A Parameter of househelds' portfolio choice 0.48 Calculated from the constraint A ;o =t-A ,,-A,5-A 55
143‘ Parameter of households' portfolio choice 0.10 Calculated from the constraintl@‘:- ':u")‘:al'}‘ja‘
Xy Parameter of households' portfolio choice -0.01 Calculated from the constraint 4 =4,
Ay Parameter of households' portfolio choice -0.01 Calculated from the constraint A,
A Parameter of households’ portfolio choice -0.01 Calculated from the constraint 4 ;=4 5,
Ay Parameter of households' portfolio choice 0.03 Calculated from the constraint 4, = ,4.,'{)‘.),34
145 Parameter of households' portfolio choice 0.03 Calculated from the constraintlﬁ :-,1_5-,'{:5-,{35
T Maximum potential value of material intensity (kg/US$) 1.5 Selected such that it is reasonably higher than initial u
Miaes Minimum potential value of material intensity (kg/US$) 0.3 Selected such that it is reasonably higher than o
'3 Proportion of durable consumption goods discarded every year 0.008  Selected such that the initial growth of DC is equal to the growth rate of
output
T, arameter linking the green to conventional non-energy capital ratio  o. alibrated such that the model generates the baseline scenario
’ P: linking the gi ional gy capital rati 66 Calibrated such that th del g he baseli i
with material intensity
T, Parameter linking the green to conventional non-energy capital ratio  9.86 Calibrated such that the model generates the baseline scenario
with material intensity
T Parameter linking the green to conventional non-energy capital ratio  2.76 Calibrated such that the model generates the baseline scenario
with recycling rate
T, Parameter linking the green to conventional non-energy capital ratio  20.20 Calibrated such that the model generates the baseline scenario
with recycling rate
T Parameter linking the green to conventional energy capital ratio with  4.40 Calibrated such that the model generates the baseline scenario
energy intensity
g Parameter linking the green to conventional energy capital ratio with  25.72 Calibrated such that the model generates the baseline scenario
energy intensity
T, Parameter linking the green to conventional energy capital ratio with  14.59 Calibrated such that the model generates the baseline scenario
the share of non-fossil energy
Ty Parameter linking the green to conventional energy capital ratio with  15.85 Calibrated such that the model generates the baseline scenario
the share of non-fossil energy
T, Parameter linking the sequestration to conventional energy capital ~ 1288.63 Calibrated such that the model generates the baseline scenario
ratio with the sequestration rate
o Parameter linking the sequestration to conventional energy capital  1446.97 (alibrated such that the model generates the baseline scenario
ratio with the sequestration rate
o™ Maximum potential value of recycling rate 0.8 Selected such that it is reasonably lower than 1
a, Autonomous growth rate of labour productivity 0.0095 Calibrated such that the model generates the baseline scenario
o, Sensitivity of labour productivity growth to the growth rate of output 0.825 Based on econometric estimations for a panel of countries over the
period 1991-2018 (available upon request)
T; Firms' tax rate 0.15 Selected from areasonable range of values
Ty Households' tax rate 0.23 Calibrated such that the model generates the baseline scenario
@ Transient Climate Response to cumulative carbon Emissions (TCRE)  o0.0005  Based on MacDougall et al. (2017)

(FCaco,)
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