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Abstract

To study the decarbonisation of physical capital, we develop a macroeconomic model of the low-carbon
transition of the electricity sector in a closed economy in discrete time. The structure of our modelling
framework is based on the representation of the physical and financial stocks and flows of heterogeneous
macroeconomic sectors. Our approach extends the existing literature in macroeconomic modelling of
transition dynamics along several dimensions. Firstly, we innovate the view on the role of expectations
in transition processes by developing a novel bounded rational but forward-looking expectation formation
mechanism based on the notion of fictional expectations. Secondly, this allows us to combine long-term
views on system change with more short-term and profit-oriented investment logics in a coherent framework.
Thirdly, we incorporate discrete choice theory based on probabilistic distributions of future utilization of
capital stocks and profits to derive investment choices for heterogeneous capital goods today that have
different environmental implications for the future and are subject to path dependency. Using our approach,
we can provide insights on a wide range of issues that concern transition dynamics. This includes a novel
analytical view on how stranding of physical assets can occur as a phenomenon resulting from coordination
problems on a macroeconomic level due to dissensus and different beliefs about the future. Further potential
applications of our framework are numerous: we can create taxonomies of transition dynamics following
different levels of dissensus, determine the role of opinion conflict for the low-carbon transition, relate
energy demand growth to dissensus, and finally simulate different forms of policy interventions including a
carbon price in relation to different levels of dissensus.

1. Introduction

The currently ongoing transition to a low-carbon electricity system is slower than necessary to meet the
targets of the Paris agreement (IAEA||2019; [DNVGL, 2020; [ETC|, [2018). This is especially true for the need
for an almost-complete electrification of our economies to reach net carbon emissions by 2050: It will require
a 4-5 fold increase of global electricity production from slightly above 20,000 TWh in 2020 to 85,000-115,000
by mid-century (ETC| 2018)). Certainly, recently encouraging market signals—e.g. renewables’ profitability
improving above conventional fossil-powered electricity— have led to high upward trends of investments in
renewable electricity production (IRENAL[2020; TEA] 2020). Yet, 2019 data from the BP Statistical Review
indicate that renewable energy (including hydroelectricity, solar, wind, geothermal and biofuels) amount for
less than a third (26%) of worldwide electricity generation. Carbon-free electricity (renewable + nuclear
+ other non-carbon fuels) amounts for 37% of total. In 1990 and 2015, the share of renewable energy in
electricity output amounted for 19.4% and 22.9% (World Development Indicators). This shows that while
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renewable electricity growth might have increased in the past five years, the share of renewables in worldwide
primary energy consumption remains very low at a share of 5% (BP Review, 2019). In spite (or maybe
because) of these signs of hope, waiting for the transition to a renewable energy system is then akin to
waiting for Godot (Beckett, [1956]). We spend our lives waiting for something to happen that never actually
comes, or that is on its way so slowly that we cannot anticipate when it will arrive. While we are waiting,
we seesaw between hope and despair, constantly bemoaning that we are waiting for something that never
comes. Taking this fictional narrative from literature to economics and putting it in terms of the energy
transition might translate as follows: We should not wait for the transition to happen, we must make it
happen. Making the transition happen will involve both the government and market actors. Indeed, the
transition cannot be reduced to a set of relevant expectations by individual actors. Rather, it is about the
emergence of collective expectations, which policies will shape to a great extent. We have to align agents’
expectations of possible future developments to reach certain outcomes. However, even when aligned within
a collective narrative, expectations have often failed to deliver transformations (Boyer} [2018)). Nevertheless,
such alignment of expectations are necessary to manage the fundamental uncertainty of transition processes,
maintaining profitability of investments for businesses and serving societal goals (e.g. the mitigation of
climate change) at the same time. The energy transition thus certainly increases the perceived importance
of the fundamental uncertainty under which actors have to make their decisions. Expectations are the only
possible way conceivable to the human mind to fill the void created by fundamental uncertainty through
imagining—rather than predicting—possibles futures. However, agents do not form their expectations in a
historical and institutional vacuum. The imagined futures are shaped by the historical experience and the
narrower set of relevant behaviours delimited by institutions.

Fundamental uncertainty and narrative structures. The term fundamental uncertaintyﬂrefers to situations
“in which at least some essential information about future events cannot be known at the moment of decision
because the information does not exist and cannot be inferred from any existing data set” (Dequech, [1999]
p. 415, emphasis by the authors). The notion has received significant support throughout the history of
economic thought (Keynes| [1936; [Knight), 1921} |Gigerenzer} |2015; |Arrow} 2013)), and has also been given
firm philosophical underpinnings. In particular, the complexity of the world makes it impossible to assign
“correct” probabilities to future events. We can estimate those probabilities, and we might be at least
roughly right quite often due to path dependencies and the deeper structures of our system governing its
dynamics. However, David Hume (Humel [1748)) demonstrated that inference from the past is only a poor
guide to the future, especially when the “rules of the game”, i.e. the underlying structural determinants
of complex systems’ change. This, of course, is especially true for processes of socio-economic transition
as are the focus of this manuscript. For these reasons, the assumption of fundamental uncertainty of the
future is appropriate in the context of as sweeping a social change as the low-carbon transition. After all,
the precise course and endpoint of the transition are by no means unequivocal, and future developments
can hardly be reduced to a probabilistic inventory of possible outcomes known to agents (Hafner et al.|
2020). However, traditional approaches in economics have mostly shunned this notion, and resorted to
environments that can be fully described by probability distributions. Although the assumption of the
existence of probability distributions is heuristically justified in some instances, the main reason for the
rejection of the fundamental uncertainty assumption is that it could represent a path towards nihilism.
Indeed, if nothing—or very little—can be said on the future, how relevant can the economic discourse be?
There is nonetheless a positive interpretation of fundamental uncertainty. As put by [McKenna and Zannoni
(2000), assuming that agents face a a fundamentally uncertain future begs the question of they cope with
such a state of face. Collectively, it is the role of institutions and money contracts (Keynes, 1936} Minsky,
1986) to provide agents with enough stability to guide their actions, which poses in turn the question of how
such institutions, norms, etc. can emerge. At the individual level, agents design heuristics as rules of thumb
enabling them to deal with their immediate environment. However, these rules of thumb largely ignore the

1Fundamental uncertainty has many names in the literature, which we all see and treat as synonymous in this manuscript.
Such alternative terms include “radical uncertainty” (Kay and King}[2020)), “deep uncertainty” (Knight),|1921)) or even “unknown
unknowns” and black swans (Taleb) {2010, [2005]).



role of expectations, that is, of how agents formulate hopes and projections about future outcomes. More
precisely, institutions and heuristics bring stability, but hardly explain how agents can hope for change,
be it social or technical. This question is even more pressing in the context of the low-carbon transition,
which will most likely entail sweeping changes across the board. Societies and individuals have been dealing
with such a fundamental uncertainty of the future as a basic predicament of the human condition by
conceiving, operationalizing and implementing narrative structures on an ever grander scale throughout the
ages. These narratives coordinate behavior of astonishing numbers of individuals up to the billions and give
rise to socially and economically effective outcomes (Becker} 1973} |Graeber, 2012; Harari, 2015| |2017} [2019).
Collectively conceived and individually re-created, prospective narrative imagination is thus the response by
economic agents to fundamental uncertainty. In this respect, Boyer| (2018]) suggests that the dynamics of
capitalism has progressively come to be organised around broad narrative structures: expectation regimes.
An important point for Boyer is that expectations cannot be reduced to a data-acquisition process, but
include elements of imagination and creativity (Shackle, [1972; Dequech, 1999)) that frame and delineate
the horizon of expectation of agents in terms of technical and social change. From this standpoint, agents
collectively organise around broad guidelines that either emerge autonomously, or are provided by key
institutions.

A telling demonstration of this principle is the epistemology of the Intergovernmental Panel on Climate
Change (IPCC), which has come to rely on societal scenarios going beyond purely technical considerations:
the Shared Socioeconomic Pathways (SSPs). These narratives help dealing with the high long-term uncertainty
it has to face when producing the Sixth Assessment Report (ARG) on global warmingﬂ These SSPs are
narratives describing plausible alternative socio-economic developments—including sustainable development,
regional rivalry, inequality, fossil-fueled development, and middle-of-the-road development—that are intended
to cover wide ranges of uncertainty (Riahi et al., 2017). The SSPs are then coupled to their energy, land
use, and greenhouse gas emissions implications to relate them to their effects on climate change. They
represent an excellent example of how the fundamental uncertainty of the future is dealt with by the
development of (potentially large-scale) narrative structures that imagine rather than predict the future.
Such broad narratives are focal points (Schelling), |1960) that agents use as reference points to create their
own expectations. Beckert (2016) suggests in this respect that agents individually resort to such focal points
as fictions to guide their own actions, these fictions being discussed, disputed, confronted, and possibly
giving rise to Boyer’s expectation regimes.

Employing fictional expectations in macroeconomic modelling. Looking into the long term future under
conditions of fundamental uncertainty in a transition process thus poses deep methodological problems of
how to conceive expectation formation for agents in macroeconomic modeling. In particular, there are very
few models that tackle the issue in a similar fashion as proposed by our approach. In such a situation of a lack
of a suitable methodology in economics, it might help to look to other disciplines for inspiration. Fictional
expectations based on different expectation regimes have been widely discussed in economic sociology and
related disciplines (Beckert), 2013, |2016; Boyer, 2018} Beckert and Bronk, [2018)). They are sometimes
touched upon in interdisciplinary macroeconomic literature (Haldane, |2016; [Haldane and Turrell, 2018|
2019; |Bronkl, [2009). The existence and importance of narratives is the fundamental reason why we chose
to employ fictional expectations explicitly as the expectation formation mechanism for our
macroeconomic model of the transition to renewable electricity. To the best of our knowledge, despite
their apparent ability to trace how agents in an economy deal with the fundamental uncertainty, fictional
expectations have not yet been applied to formalized economic models as a methodology for expectation
formation in aggregate macroeconomic models.

For the reasons sketched above, we explicitly chose to construct a macroeconomic model where agents
form imagined future states the economy, which they then apply to their decision making procedures. As
central narratives we have chosen firstly the S-curve shaped transition dynamics of technological diffusion,
which is a well agreed-on empirical regularity for transition processes that is used for modelling purposes

2The planned publication dates for the different sub-reports of the AR6 are the years 2021/2022, see https://www.ipcc.
ch/assessment-report/ar6/ for further information.


https://www.ipcc.ch/assessment-report/ar6/
https://www.ipcc.ch/assessment-report/ar6/

(Meade and Towhidul, [2006; |Geroski, [2000). In particular for the case of the energy system, different
kinds of energy have often experienced S-curve and inverted S-curve trajectories—or both combined in an
inverted U-curve trajectory. Such trajectories are well-known in the literature on technological transitions.
Figure [I] illustrates this stylized fact: coal, oil and primary electricity clearly follow S-curve and inverted
U-curve trajectories since the early years of the Industrial Revolution in England and Wales, France and
Germany. Secondly, we cater to expectations of physical asset stranding, which are also a widely agreed-
upon prospective view on the future |Campiglio et al.| (2018)); |Caldecott| (2017)), where we hinge expectations
of stranding on the future capacity utilization rate of high-carbon capital stock.
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Figure 1: Historical shares of coal, oil, natural gas and primary electricity in energy consumption for England & Wales, France
and Germany from 1800 to 2008. Primary electricity refers to electricity from geothermal, hydropower, nuclear power, wind,
photovoltaics, tidals, wave and solar thermal. Shares do not sum up to 100% as other enerngy sources are not displayed here.
Source: [TO ADD IN BIBFILE] Kander, A., Malanima, P., Warde, P., 2013. Power to the people: energy in Europe over the
last five centuries, The Princeton economic history of the Western world. Princeton University Press, Princeton, N.J.

The model. Along these lines, we develop below a system-dynamics model (Hafner et al., [2020) with
forward-looking fictional expectations in discrete time. The model is meant to simulate transition trajectories
for the electricity market, over which the energy mix will change through time. Periods are explicitly one-
year long, and our simulations are 50-ticks long. This model figures the competition between two types
of capital, one polluting and the other low-carbon in penetrating the electricity-production market. The
model core is therefore a structural shift model, in which the path of future energy demand is known, but
where the precise energy mix will change through time due to changing investment behaviours on the part of
economic agents. At any point in time, some agents will invest in polluting, high-carbon capital, and others
will invest in the green, low-carbon option. As the model runs, these agents will switch between these two
options according to forward-looking expectations they shape period after period.

These expectations have two components: a commonly shared view about what the future will be, and
an idiosyncratic part that is agent specific. The population of agents will therefore draw, at each point in
time, a distribution of opinions. Those believing that low-carbon capital will be more profitable will switch
from high- to low-carbon investment and vice versa. The dynamics determines the progressive penetration of
the low-carbon option depending on the agents’ expectations. Our formulation of the expectation-formation
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process is our main contribution to the literature. It consists in a proposition for a middle-ground between
adaptive, backward-looking expectations, and forward-looking, perfect-foresight and model-
consistent anticipations, which are the two extremes found in the literature (c¢f supra). While we keep
a forward-looking structure, we reject model consistency and perfect foresight by assuming away an infinite
expectation horizon. We formalise a finite and rolling planning horizon of a given time length. We also
suppose that agents formulate “fictional expectations” or “imagined futures” about some future outcomes,
that do not necessarily match the law of motion the modeller herself chose for her framework for a given
economic variable. This process is meant to emphasise the fundamentally uncertain nature of long-run
outcomes (Davidson, 1991; Keynes, 1936) agents can only cope with through beliefs, fictions, and rules
of thumb (Beckert, 2016). Our agents are therefore boundedly (Simon, 1991), or ecologically rational
(Gigerenzer and Todd, 1999; Todd and Gigerenzer, 2012), in the sense that they use simple indicators,
based on their expectations, to guide their actions rather than optimisation procedures. Also, although our
agents maximise their expected payoff, they do not derive an optimal investment path through an optimal
control procedure. This endeavour to model an extra degree of bounded rationality is intellectually closer
to the recent developments by Mercure and coauthors (Mercure, 2015; Mercure et al., 2019, 2014) and
other proposals for technological submodules in integrated assessment modelling (Bond-Lamberty et al.,
2020) than to traditional linear-programming models of optimal energy mix and technology penetration
(Keramidas et al., 2017). The aim of the model is to complement traditional, technological-progress-
oriented analyses of the low-carbon transition by a formalisation of cognitive obstacles to
the transition. To emphasise our point, we assume away technological progress or any other pecuniary
incentive like a carbon tax, at least as a first step, and only focus on the different parameters ruling our
expectation-formation process. Our main outcomes for analysis are therefore the dynamics of low-carbon
penetration, through the share of low-carbon capital in the total and that of low-carbon energy production.
We also propose a calibration for the model, based on the European Union in the year 2017, a detailed

description of which is proposed in Annex

2. Expectations, transition processes, and the history of economic thought (unfinished draft)

Ever since the “rational expectations revolution” (Lucas, [1976)), economics has become the social science
most explicitly oriented towards the future in its modelling efforts. However, this expectations revolution
failed to account for the fact that the future is fundamentally uncertain (Knight} 1921} Keynes|, 1936 Shackle|
1972). Rather, this literature was pushing a particular narrative, i.e. the rational expectations hypothesis
(REH) (Muthl [1961)), as the only way of perceiving the future (Beckert, [2016)). This very rigid assumption
was only slowly broken up by various approaches to arrive at a more multi-dimensional view of how economic
agents might imagine future economic developments. Moreover, the founders and key originators was very
clear in that the REH cannot (Lucas) (1981} p. 224) “be applicable in situations in which one cannot guess
which, if any, observable frequencies are relevant: situations which Knight called 'uncertainty.”” Transition
processes as in our model certainly belong to this class of uncertain future developments.

Fictional expectations. Fictional expectations (Beckert] [2016] 2013; Beckert and Bronk, 2018) make
the underlying narratives that govern agents’ expectations explicit, accounting both for a multitude of
heterogeneous potential expectations of the future, which are forward-looking and subject to change and
competition of different discourses. Here, in economic action, “fictions” refer to the images of some future
state of the world or a predicted sequence of events that are accessible to agents in the present through
mental representation. Agents are motivated for their actions by these imagined future states of the
world and organise their activities accordingly. These mental representations of future states are what
is termed “fictional expectations”, which are operated in narrative form as stories, theories, and discourses
(Beckert], |2013]). It is important to point out here that fictional expectations are conceived as a very general
phenomenon, which is not limited to the economy, but all spheres of human action. It is due to the
fundamental uncertainty of the future that fictional expectations are the only possible way of agents to
form their expectations about the future, including economic theory itself (Beckert} [2016} p. 274): “Because
the economic future is uncertain, economic theory is actually a narrative—a commitment to a specific
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interpretation of the economy.” Similarly, [Boyer| (2018]) points to the importance of expectation regimes,
which reflect widely believed discursive structures that shape the fictional expectations (“design fantasies”
(Beckert}, 2013)) of agents in an economic system, and which have gained in importance in recent years: “In
the modern era when the efficacy of macroeconomic institutions is declining, the heterogeneity of interests is
increasing, and intense structural change is obscuring the future, the time of narratives has come.” (Boyer|
2018, p. 41)

The importance of narrative structures in dealing with the future as a paradigm shift. The development of
fictional expectations is part of a much broader paradigm shift in the human and social sciences, taking
much more into consideration that living and social systems are inherently oriented toward the future (Polil
2014)). Harari| (2019, 2017}, [2015)), which has gained high popularity in recent years, convincingly argues that
the ability for collective conception and belief of narratives is the central organizing principle and major
evolutionary advantage of humankind sui generis. It is clear that these insights also should shape the way
we conceive expectation formation in economics as part of this general societal coordination via narratives.
Moreover, thinkers in the neo-institutionalist tradition (DiMaggiol |1998]) have pointed to the importance
of social norms, formal and informal social rules, procedures and strategic interaction, and the importance
of corporate actors such as companies and crowds to determine the expectation regimes whithin which
economic agents will tend to operate. Several decades ago, [Becker| (1973) pointed to the importance of
narratives in structuring human societies on a deep level, including insights from psychology, sociology, and
cultural anthropology. Even before this, the French philosopher Gaston Berger (Berger, [1964) created the
notion of prospective. Post-War history tended to go faster, be more disruptive and was more characterised
by radical uncertainty than before. Therefore, over long horizons, the future could not be considered as a
prolongation of the past, be it by extrapolating past trends or assuming structural constancy. He therefore
suggested that decision-makers, basing themselves on a deep analysis of underlying factors and causalities,
try and invent possible futures in order to guide present decisions:

We thus must prepare our children to be inventors, and show both the courage required to take
initiatives and the imagination indispensable for the discovery of new solutions [...] We need
today much more than yesterday in order to shape bold hypotheses, pose again in new terms
former problems, try new paths yet to be trodden. The future is not to be awaited but to be built
and, consequently, to be first z'magz'nedlﬂ (Berger, 11964))

Berger’s philosophy invites decision-makers to rely on or create imaginaries, which are not pure fantasies,
but exercises using all available information in order to shape plausible fictions for the future. Certainly,
Friedrich Nietzsche (Nietzsche, |1873) was very early in realizing how imaginative re-creation of metaphors in
a process of artistic transference shapes our thinking in language as an imaginative structure. This without
clear relation to an objective reality (to which we have no access) besides our collective agreement that we
give meanings to these words as imaginations that refer to certain entities in this world we (collectively and
individually) call objects, concepts, feelings, and the like. Altogether, several strands of literature have been
laying the ground for the concepts of fictional expectations and expectation regimes. It might be a good
time at the present moment to take these important insights to the core discipline of economics, especially
macroeconomic modelling, and re-frame some of the expectation formation mechanisms and theories that
have been developed in economics as a core discipline in the more or less recent past.

Adaptive expectations in economic thought. Adaptive expectations is a form of fictional expectations that
takes humans as governed by “animal spirits”, who use the past (in lack of better predictors) to infer the
future by assuming that “existing state of affairs will continue indefinitely, except in so far as we have specific
reasons to expect a change” (Keynes, 1936, p.152). This falls short of acknowledging that expectations of
the future that are not necessarily (linear or close to linear) extrapolations of the past with little room for
imagination, optimization, or even change. However, it does allow for multiple conflicting heterogeneous

3Translation from the authors, emphasis added



belief systems of this world that are subject to overall macroeconomic coordination problems (Keynes’
beauty contest, fallacy of composition, paradox of thrift, etc.). Compared to "rational expectations",
backward-looking expectation structures consider that past and present are the best guides to the future,
absent the possibility to unveil or even assume "deep" parameters or probability distributions allowing for
a forward-looking stance. In such situations, agents tend to rely on simple expectation rules, for instance
considering that the future will be identical to the present at all point in time (purely myopic expectations),
by updating beliefs according to past expectation mistakes (adaptive expectations), or by prolonging past
trends (extrapolative behaviour). Such structures have been conserved in many Keynesian (De Grauwe and
Macchiarellil [2015)) and most post-Keynesian (Godley and Lavoiel |2007) models so as to figure fundamental
uncertainty (Kappes and Milan, [2019).

Adaptive expectations were famously criticised by Lucas (1976) in the wake of the "rational-expectation
revolution" on the grounds that they were subject to systematic and statistically traceable mistakes, and were
henceforth a poor representation of individual behaviours. Such formulations were nonetheless given some
empirical support for key economic variables, such as inflation, and were given back some theoretical credit
in the behavioural macroeconomic literature (Hommes| [2018). Kappes and Milan (2019) nonetheless argue
that such formulations, albeit intuitive, are fraught with indeterminacy, making them ultimately difficult
to wield in many modelling framework . From the standpoint of fictional expectations, such expectation
heuristics or extrapolation tools can be considered as fictions, and indeed relate for instance to the forecasts
made by key economic institutions which serve as focal points but have rarely proven accurate (7). The
importance of the present in formulating expectations corresponds also, for Keynes, to the importance of
current conventional judgments in guiding agents’ behaviours, in that they all rely, to different extents, on
existing market norms. Although Keynes was mostly concerned with short-run dynamics, and by financial
markets as stages for this "beauty contest", Boyer (2018) provides a sound generalisation to this intuition to
the long-run through his notion of expectation regimes within a broader economic context, made of fictions
widely believed in by economic agents.

Animal spirits and backward-looking rules. Animal spirits were proposed by Keynes as a complement to
backward-looking rules in his famous Chapter 12 discussion:

Most, probably, of our decisions to do something positive, the full consequences of which will
be drawn out over many days to come, can only be taken as a result of animal spirits —
of a spontaneous urge to action rather than inaction, and not as the outcome of a weighted
average of quantitative benefits multiplied by quantitative probabilities [...] Thus if the animal
spirits are dimmed and the spontaneous optimism falters, leaving us to depend on nothing but
a mathematical expectation, enterprise will fade and die; — though fears of loss may have a
basis no more reasonable than hopes of profit had before.It is safe to say that enterprise which
depends on hopes stretching into the future benefits the community as a whole. But individual
initiative will only be adequate when reasonable calculation is supplemented and supported by
animal spirits, so that the thought of ultimate loss which often overtakes pioneers, as experience
undoubtedly tells us and them, is put aside as a healthy man puts aside the expectation of death.

In other words, simple forecasting rules are not sufficient to back in investment decision, but must be
completed by an urge to act according to those calculations. Absent such a positive impetus, mathematical
tools, however "rational" they may be, do not have a sufficient weight as arguments to convince investors to
move forward. More precisely,as put by Dequech (1999)), animal spirits act conjointly with backward-looking
forecasting tools to create a general "state of expectations" by influencing the confidence agents consider
their own forecasts with. Shunned for a long time by economists, animal spirits have found audience anew,
especially from scholars in behavioural macroeconomics (De Grauwe and Macchiarelli, [2015; 7).

In terms of fictional expectations, animal spirits can be viewed as enforced and reinforcing positive or
negative states of confidence (Beckert| 2013), up to exhilaration as was the case in the run-up to the 2008
(Boyer}, 2018]) crisis, or down to sheer pessimism in the case of the Eurocrisis .

UNFINISHED DRAFT - to be continued



3. The Model

We develop here, step after step, our whole model architecture. We begin by describing its overall
structure and detailing its real-economy core. We then move on to the presentation of our treatments of
long-run expectations, our main contribution.

3.1. The Model Core

Production and electricity demand. In the model, as in many technological change, “bottom-up”, frameworks
(Keramidas et al., 2017), the evolution of energy demand ey is purely exogenous:

VE>1, el (t) = (1+ge)ed (t—1) #(3.1)

Where g, is the constant, exogenous growth rate of energy demand, and ¢ denotes, intuitively, the time
period. The model has a conventional time step of one year. For the sake of simplicity, we suppose that
agents know with certainty the path of future energy demand. Electricity demand is labelled in TWh per
time period, that is TWh per year.

We assume two types of electricity-production capital, a high-carbon Ky and a low-carbon K one,
characterised by Leontief, fixed-coefficient technologies, again consistently with many “bottom-up” frameworks.
In the model, the capital stock is labelled in GW of energy capacity.

The two capital stocks are not mandatorily utilised in full. In other words, there will be in general some
slack in generating capacities, allowing us to define a utilization rate for the two types of capital:

ur (1) = S{# (3.20)

ug (t) = 228 4 (3.2p)

eg (1)

Where ey, (t) and ey (t) are respectively the energy effectively produced thanks to the low- and the
high-carbon energy source, and €3 (t) and e3; (¢) full-capacity output. The present version of the model is
calibrated to ensure that uy, (t) = ug = 1 Vt. We indeed identify in our calibration the low-carbon capital
stock to modern renewable energy sources (mainly wind and solar), whose utilisation cannot be controlled
at will. We therefore assume that &, (¢), the amount of TWh a GW of low-carbon capacity can produce per
year is corrected by a capacity factor averaging out the variability of modern renewable availability over a
year. This allows us to define full-capacity output for low-carbon capital as:

ep (1) = & (t) KL (t) # (3.3a)
Similarly, full-capacity output for high-carbon capital is defined as:
ep (t) = &n (t) Kp (t) # (3.3b)

Where £g (t) is defined as the amount of amount of TWh a GW of low-carbon capacity can produce per
year. As the production of these types of capital can be modulated a near-will, we assume that agents can
react to changes and demand, and that the utilization rate of high-carbon capital can vary.

We suppose for the sake of simplicity that &, (t) = & and &g (t) = £m, that is, that the Leontief
coefficients are constant.

The quantity of energy demanded is then dispatched according to a merit-order mechanism, according
to which low-carbon technologies are mobilised in priority, and high-carbon capital absorbs the remnant.
Labelling ey, and ey the energy effectively produced by low- and high-carbon technology respectively, we
define:
0if Kr,(t)=0
e (6) =1¢ eq(t) ifKp(t) >0andeq(t) <ej(t) #(3.4a)
€5 (t) if Ky (t) >0 and eq (t) > e} (t)



and:

0if Ku(t)=0
0if Ky (t)>0and e (t) < e (1)

e f@ (e, () + 3 (1)) T (340)
t

ed () — e (t) ifKH()>0andeL t)
(e} )+6H(t))

es (t) if Ky (t) >0 and e (t)

That is, low-carbon electricity serves the market first. As mentioned above, the model is calibrated so
that eq (t) > €3 (t) at any point in time, ensuring full capacity utilization for low-carbon capital.

We assume away any labour input for the production electricity and suppose that low-carbon technologies
do not need marketed inputs to generate electricity, consistently with their reliance on wind and solar
instead of fossil fuels. Conversely, high-carbon capital requires a fossil-fuel input to work. We define the
“thermal efficiency” of the high-carbon stock pp (t) as the amount of non-renewable input (labelled in
trillion British Thermal Units (BTUs)) needed to generate a TWh of electricity with high-carbon energy.
This non-renewable input includes fossil inputs as well as uranium and biomass. We hold rF () as constant

(Err (t) = EFF)-

Prices and profits. Concerning pricing, we drift from the usual merit-order process by assuming a unique,
administered electricity price pg (t) = pg, that is not derived from marginal pricing, but on a public-private
partnership, calibrated from EU data (see below).

This allows firms to generate profits, computed as proceeds minus expenses per unit of production. We
model several production costs, beginning by intermediary input expenses which, as mentioned above, only
exist for high-carbon electricity production, as a certain price ppp (t) per unit of non-renewable input. We
hold this price as constant throughout (prr (t) = prr).

We also assume several measures of capital costs. First, firms must take up on loans to fund their
investment expenditures, constituting a user cost of capital, that we measure per unit of capital. We
therefore define for both types of capital:

dy (t) = ar (t)yr () i (t) # (3.5a)
diy (t) = o (t) Y () ¢y (8) # (3.50)

The cost of capital for each type of capital stock. ar, (t) = ar and ay (t) = apy are a measure of yearly debt
repayment including interest and principal. 1, (t) = ¢ and ¥y (t) = ¥y are calibrated debt-to-capital
ratios. Finally, ck (t) = c& and c¥ (t) = ck; are the fixed costs of a unit of capital, that is the fixed cost of
installing a GW of capacity.

Second, we include a metrics of capital losses incurred due to capital stranding. By assuming that a GW

of capacity is valued at its market cost, capital losses, that only exist for high-carbon assets, are defined as:

chy (t) = max (0, cf; (1) (ufy — um (1)) #(3.6)

Where u}; is a conventional utilization rate, set to .85, a level roughly consistent with the structural
utilization rates in advanced economies (Setterfield, 2019). No capital gains are incurred if the utilization
rate happens to go higher than the conventional rate.

As a result, profit rates are defined as:

(28 (t) = <
>

rr (t) = peérur (t) &L —dy (1) = peér —df (t) #(3.7a)

rir (6) = (p = 222 ) €rrun (8) — diy () — cly (1) # (3.70)

333

Ezpectations: Chronological and Psychological times. Consistently with our main object of study, agents
will formulate expectations on economic quantities, but in a different way to most formalisms adopted in
most E3 models. We indeed adopt a middle-ground between infinite-horizon, perfect-foresight expectations
and myopic or adaptive ones by assuming that agents only formulate expectations over a planning horizon
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of a given length S that represents the psychological time of individuals (Zellner, 1979). This framework was
inspired by the work of Spiro (2014) and in consistent with the literature on limited foresight in investment
decision (Hedenus et al., 2006).

Figure 5-1 A stylised representation of our expectation structure (Drawn from Spiro (2014))

2 t+1 t+S

t4+11t4+2 t+S+1

t+2(t+3 t+S+2

t+3(t+4 t+S+3

As a result, at each time ¢, taking the actual value as starting point, agents will formulate an expectation
vector of length S. In formal terms, expectations take the form of a matrix with 7" rows and T+ S columns,
and expected values are therefore indexed with two numbers. If X is an expected value for a given variable
X at time ¢ and at a distance s from the current period, we write:

Xe=Xe(t,t+s)#(3.8)
These expectation vectors will serve for several decisions that will involve different expectation distances.

Investment decisions. Our model being aimed at studying structural change, we model agents’ investment
choices that will progressively lead to changes in the economy’s energy mix. Their decision is two-stepped.

Investment shares First, they decide on the share of the investment flow they dedicate to one or
the other type of capital. Denoting ¢; (t) the share of the investment flow going to low-carbon capital, we
define it recursively as follows:

Ly (1) =4y, # (3.9)

Where /;, is a calibrated first-period value.
Crt+1) =L () + (L=Lr(8)Ce (8) = £r (8) Cur (1) # (3.10a)

This function takes inspiration from Mercure’s (Mercure, 2015; 2019, 2014) demographics-based treatment
of technological change in energy economics, and is commonplace in population dynamics, including in the
economics of technological change (Kucharavy and De Guio, 2015) and competition (Marasco et al., 2016).

Let us interpret £ (¢) as the share of investors or investment projects dedicated to low-carbon capital in
each period, and 1—£; (¢) the share dedicated to high-carbon capital. We consider that at each point in time,
a fraction of these shares, respectively ¢y, (t) and (g (t) will change course. In other words, a portion (f, (t)
of high-carbon investment projects will be abandoned, or a fraction (y, () of agents investing in high-carbon
capital will invest in low-carbon capital in the next period, hence that this number is added to the previous
share ¢5 (t). Conversely, a fraction (g (t) of investment dedicated to low-carbon projects will switch back to
high-carbon capital. Hence that this fraction is subtracted from the current share of low-carbon investment.

Conceptually, (1, (t) and (g (t) can be considered as transition probabilities between two behaviours:
investing in high-carbon capital and investing in low-carbon capital. In most related works, more or less
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complex versions of a logistic distribution is assumed as functional forms for this probabilities. As we will
see below, we rely on normal distributions for computational ease instead. The two distributions being
relatively close and interchangeable in practice, this simplification is relatively legitimate, as least in this
precise respect.

It is worth noting that they have no a priori reason to be symmetrical (i.e, (g (t) =1 — (g, (¢)). If this
is the case, the Equation (??) reduces to:

Ly (t+1) = (p (t) # (3.10b)

Which suggests that all agents choose all the time between the two options, not allowing for the possibility
that some will stick to their previous behaviour. We will therefore introduce some asymmetry between (g (t)
and (f, () to give rise to some stickiness in behaviour. How (y, (t) and (g (t) are determined precisely will
be discussed in Section 3.3.

Total investment in low-carbon capital Iy, (¢t) will therefore be defined as:

I (t) = I ()) 61 (1) # (3.11a)
And high-carbon investment I (t)
I () = (1= €1 () I (t) # (3.110)

Where 1% (t) is total investment demand, that is determined through the following step.

Investment shares To determine absolute investment, agents will first compute the total amount of
capital that will be required in the next period to meet demand in ¢ + 1, K%(t 4+ 1), which is the targeted
total capital stock. As a result, I (t) is defined through an extended perpetual inventory rule:

I%(t) = max (K% (t+1) — (KL (t) + K (t)),0) + depy, (t) + depy (t) # (3.12)

We therefore suppose that total investment makes for natural depreciations depy, (¢t) and depy (t), and
we assume away capital destruction.

In the model, agents formulate imaginary futures about how stranded high-carbon capital may be. It
they expect stranding, they will naturally want to hedge against it. For the sake of simplicity, we assume
that agents always near-perfectly hedge against stranding, by ensuring that the conventional utilisation rate
uyy is reached. As a result, we suppose that agents adopt the following target function:

d — )= ETa () —upEula(t)
K+ = —reanorano  #(313)
Where ¢ (t) is the share of the total investment flow dedicated to low-carbon capital, and T’y (t) and
I'; (t) are intermediate terms defined as follows:

Ly(t) =1 —£7(t) K (t) — £ (t) (depr (t) + depm (t) — K (t)) — depr, () #(3.14a) T (t) = {1 (t) Ky (t) — (1 — €1 (t)

Where depy, (t) and depy (t) are the respective depreciations of the low and high-carbon capital stocks.

This rule allows agents to always reach the conventional utilisation rate u7; except when it would require
capital destruction beyond the natural depreciation of capital. This highly simplifying assumption is meant
to avoid that agents remain passive if stranding occursﬂ

We know need to explain how ¢z, (t) and (g (t), the transition probabilities governing the pace of
structural change in our economy. This requires explaining more into detail how we model expectations
of future probabilities.

4 More complex investment rules allowing for imperfect hedging can be implemented in the current version of the model,
but do not change the results significantly.
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3.2. Imagined Futures: The Probit Module

The core innovation of this framework lies in our modelling of conflicting expectations about (a) given
economic metrics. Our approach relies on a reinterpretation of random utility theory (McFadden, 1980) and
its application to discrete choice modelling in econometrics (Ben-Akiva and Lerman, 1985) and formalised
economics (Azari et al., 2012). We therefore develop below a “Probit Module” relating discrete-choice
theory with the formation of long-run expectations and, ultimately, investment choices. This proposal is
formally similar to formulations suggested by Train (2009) and Acemoglu and Jensen (2018) for behavioural
neoclassical growth models, building on Luce (2005) and Simon (1991). It is however conceptually distinct.

The general case.

Base model We consider an underlying population of agents that we assume to be numerous. Each of
them formulates expectations on future profit rates (that is, profits per unit of capital) for the two types of
capital over their planning horizon for each period in psychological time s. These expectations are made of
a common component that all agents share, and of an idiosyncratic part that represents the agent’s specific
opinion about future states of the world, her “imagined future”.

Formally, the most general case writes for agent i:

re, (tt+s) =pg (t,t+s)EE (6t +s)ug (t,t+s)
—ag (t,t+s)Yreg, (tt+s)+ep (t,t+s) #(3.15a)

=L () ug (t,t+s) —drg (t,t+s)+ €7 (t,t+s) #(3.15b)

re (bt 4 s) = (pf’E (t,t+5) — %) €, (Lt + s)uSy (t,t + s)
—af (tt+s) Y, (tt+s) — max (0,¢f, (t,t+s) (uf — ufy (Lt +5))) +e5 (tt+s) #(16a)

=vm, (t,t+s)ufy (6t +s) —dry (t,t+s)
—max (0,¢f (t,t+s)(ufy — ufy (t,t+5))) + €4 (&t +s) #(3.16b)

We assume that the idiosyncratic components €7 (Z,t+ s) and €%, (¢, + s) are normally distributed
across the population, with mean zero and given variances. To come up with a synthetic metrics, agent
consider the discounted sum of expected profit rates, which gives them a measure of expected unit profit
flows per unit of capital:

Ry (t) = X0, g (o (D u§ (4t + ) —drp (t,t+ ) + €5, (t,t+5)) #(3.17a)

S 1 vu (Gt +s)ufy (tt+s) —dry (t,t+s)

Ru (t) = Y (T+p)° ( — max (O,czH (t,t+s) (ufy — ufy (Lt +9)) + € (Lt+s) ) # (3.170)
We insist right from the outset that our €’s should not be understood as normally distributed disturbances
around an equilibrium as in RBC or DSGE strands of modelling. Our framework not being stochastic,
these terms cannot be interpreted as uncertain exogenous shocks. Rather, they figure dissent or consensus
about how a given economic variable, here the profit rate, will behave in the future. If they are all equal
to zero, that is they are not random and their ¢’s are all nil, agents are perfectly coordinated around
the deterministic component. Conversely, the higher the o’s, the less coordinated they are around the
deterministic component, and the more dissent there is. This formalism is meant to figure that when
uncertainty is radical, as it is the case in the context of long-run expectations (Dequech, 2004), it is best
figured by opinion dissent around a given projection rather than with stochastic exogenous disturbances,
that are more related to short-term, business-cycle considerations (Christiano et al., 2018; Dullien, 2017;
Smets and Wouters, 2007).
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Now, since we know the underlying distribution of opinions, we can derive the proportion of the
population for which the aggregate profit rate for the low-carbon type of capital is higher than that of
the of high-carbon type of capital. It is simply given by:

P(Rp (t)— Ry (t)>0) #(3.18a)

S5 () (€, (bt +5) — ey, (1t +9)

P o ZS< 1 ) Vg (@t +s)ufy (6t +s) —drs (6,4 s) (v (Gt 4 s)ug (4 s) # (3.180)
1\ T+p)° — max (0,cf, (t,t+s)(ufy — uf (t,t+s))) —dr$ (t,t+s)

By making the assumption that the €’s are not serially correlated in psychological tim we can state

that Zle (ﬁ) (€5, (t,t+5) — €%, (t,t+s)) follows a normal distribution of mean 0 and variance

Zss:l (ﬁ) ((Ji (t,t+5))° — (0% (t,t + s))z), this will give us the proportion of agents considering
that the low-carbon type of capital will be more profitable than the high-carbon energy source.

Although the normality of expectation distributions is documented for some key economic variables, both
in the short- and long-run (Gillingham et al., 2018), the choice of a normal distribution for the idiosyncratic
term is an important simplification of what may happen in reality. This was mainly motivated by the
additive stability of this distribution, allowing us to easily derive a discounted unit profit metrics over the
agents’ planning horizon. Further work will consist in adopting more realistic opinion distributions that are
additively stable. In particular, the Lévy distribution, already used in the econophysics of wealth distribution
(Levy and Solomon, 1997; Mandelbrot, 1960), which luckily has a workable functional form, is a promising
candidate. We nonetheless stick here to a normal distribution.

But this is not without posing conceptual issues. Indeed, a normal distribution of mean zero and variance
o is defined on R, and takes 99% of its values within a [—30, 30] interval. As such, too high values for the
0§ (t,t+s) and 0% (t,t + s) may figure agents having conceptually unsound expectations. For instance, if
0% (t,t+s) = 1, which would be the commonplace case of a standard normal distribution, we would model
a population in which 99% of agents expect low-carbon profit rates ranging between v, (¢) u§ (t,t +s) —
dr§ (t,t+s) —3 and v (t) u§ (t,t+s) — dr§ (t,t + s) + 3. Extremes would therefore expect profit rates to
be above 300% profit rates and slightly above -300% profit rates, hardly a realistic outcome.

To make sure that expectations remain within conceptually sound boundaries, we therefore need to
slightly complexify our treatment of the normal distribution. A first-best solution would be to consider a
truncated normal distribution, which would take all its values between two conceptually sound values. Yet,
a truncated normal distribution loses the additivity property of a full normal distribution, hence hampering
the analytical tractability of our model. We therefore apply a second-best solution by censoring the normal
distribution.

We therefore derive minimum (R (t) and R¥ (t)) and maximum (RM%% (t) and RM® (¢)) expected
profit rates, and therefore minimum and maximum spreads between the two synthetic profit rates, respectively
RMin (1) — RMaz (¢) and RMa (¢) — RMi(¢). Censoring the distribution consists in not considering
expectations lying outside of the interval A = [ R}Y™ (t) — R}o* (t), R} (t) — R} ™ (t)]. Let us define
first:

) A ; Maz _ Min
Vo, 1a(z) = { DT #a9) ve, 1@ ={ S e ) ) # G190

We can now define the final proportion x (P (Ry (t) — Ry (t) > 0)):

( P(Ry(t) = Ry (t) > 0) = 1a (Rp () — Ry (£)) P (RY™ (5) — R (1) > 0)
() — 14 (R (t) = R () P (RP"™ (t) — Ry{** (t) > 0)
X P(RMe*(t)— RMm(1))—P( R (H)— RMa (1))

) # (19¢)

5 In the general case, agents therefore will not have monotonous expectations in psychological time.
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The P (R (t) — R}™ (t)) — P ( RY™ (t) — R}“" (t)) term is meant to normalise the number in the
numerator to obtain a proportion between 0 and 1. Intuitively, the x function can therefore be understood
as the transformation the basic proportion in (18a) into a conditional probability over a given interval, that
can be decided based on past data of the relevant variable. Figure 3-2 shows a graphical representation of
the process:

Figure 5-2 A stylised censoring process
P(RI(@) — RE“*(0) P(RY™(® - RY™(0))

0 !
P(Ru(D) = Ry(®) — P (RE™(®) — RE™ (1))

This transformation allows us to be totally free in the choice of our a’sﬂ

Now considering that this proportion represents the share of agents switching from high- to low-carbon
investment, we can write:

CL(t) =x(P(RL(t)— Rp(t) >0))#(3.20a)

As mentioned above, we introduce an asymmetry between (, (t) and (g (¢) by assuming that reverting from
low-carbon investment to high-carbon investment while the low-carbon is ongoing requires a minimal payoff
to be undertaken. Formally, it writes:

G () =x (P (Re(®) = Ru () < (X7 135 o) ) # (3.200)

With pr, > 0, and is discounted accordingly. That is, Ry (t) must be higher than Ry, (¢) by an extra margin.
For results to be meaningful, the censoring procedure must be adapted accordingly, by expanding the support
(R () — R} (8), RYo= (1) — RY™ (1)) to [RMm (t) — RMO® () — py , RI (t) — RY™ (t) = pu). pu
can be interpreted as a “transition premium”, either enforced by the regulator, or a measure of the risk to
revert to high-carbon capital in the context of the transition. It is set to 1 throughout.

The deterministic components Contrarily to most models of the energy system dealing with
transitional topics, we assume away model-consistent expectations (perfect foresight) and simplistic adaptive
formulations. Rather, we suppose that agents formulate independent projections about future outcomes
around an anchor that represents the mean projection. This anchor is given a law of motion in psychological
time that can be more or less complex depending on the research question, correspond or not to the model’s
actual law of motion or being fully autonomous or closely related to the actual law of motion.

6 A full demonstration is provided in Annex.
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Let us consider an example. In the current version of the model, cx, is held constant for the sake of
simplicity, but nothing prevents us from giving it a law of motion in actual time. We could, for instance,
consider network externalities linking the cost of a GW of capacity to the share of low-carbon capital in the
economy:

4
chy, (1) = oy, (1) SEPEE D 4 (3.210)

Where Sng is a sensitivity parameter, and {x (t) = #(;()L(t) However, agents cannot observe

network externalities, and will therefore rely on simple projection methods in their expectations, for instance:
S
VO<s<S, o (tt+s)=ch, (t) (1 ey, (t)) # (3.210)

With re, (t) an assumed constant decay either invariant or changing in every period. Agents can then
more or less learn from their past mistakes by adapting their constant decay to what they observe in reality,
or stick to this heuristic, etc. For instance, one can write the following adaptive learning process:

L (B)—ck, (t=1)
Tep, ()= 7, E=1)+ 7y (rch (t—1)— %) # (3.21¢)

This method is directly inspired by the recent literature in behavioural macroeconomics which emphasises
the need to model simpler heuristics than rational expectations that get updated and improved on an ongoing
basis by learning agents until near-complete convergence towards model-consistent expectations.

In our framework, however, as mentioned at length above, talking of learning is somewhat uneasy, as
we model a “unique” transitional experiment, in which the structures of the economy change and in which
learning is not possible through the repetition of close experiments. That is why we propose to go one step
further than the formulation drawn from the behavioural macroeconomics literature and consider, building
on Beckert’s concept of fictional expectations (Beckert, 2016, 2013), totally autonomous imagined futures.
Such imagined futures differ from the kind of heuristics developed just above in that they do not try to
predict more and more accurately a given variable. In the words of Shackle (1979), such expectations are not
data-acquisition processes, but pure acts of imagination aimed at figuring deep structural changes. As such,
they reflect the agents’ prospective attitude towards the future, which, taken “as if” they were true, guide
the behaviour agents. These narratives are of course dynamic and updated through, but more based on the
overall evolution of the model rather than on forecasting performances — although forecasting performances
could well be included. Formally, we write for a variable X:

Xe(tt+s)=f(LY (1), s)#(3.22)

Where Y (t) is a vector of variables of interest. We will develop an explicit functional form for this law
of motion when we describe the particular implementation of this general treatment of expectations in the
model.

Standard errors and dissent Remains to determine a law of motion for the standard errors of the
idiosyncratic opinions in psychological time. As sketched earlier, these ¢’s are meant to figure consensus or
dissent about the outcome of the economic variable at stake. How this dissent evolves in psychological time
requires some assumptions. Building on Keynes’s (1936) observation that long-run expectations are more
unstable and dispersed than short-run one, but that there is little difference between long- and “very long”-
run expectations (see also Moureau and Rivaud-Danset, 2004), we assume that the o’s follow in psychological
time a sharply increasing logistic law of motion writing as follows:

o5 (t,t) = oming # (3.23a)

Vs <8 o4 (tt+s) = of (tt+s—1) (1+moggH (1—M)) 4 (3.23b)

X Maxg
O'E (t,t) = ZMinL # (3.230)
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YMazy,

Vs < S o (tt+s) = of (tt+s—1) (1+mog% (1—M)) # (3.23d)

That is, we consider a minimal level of uncertainty or dissent for each profit rate oasin, and oprin, that is
present ez ante, and which increases sharply at a rate Tlog,,, and Tlog,, UP 10 OMazy and o1, - dissent
is first rather weak, agents mostly agreeing on the mean projection, and increases quickly up to ops44, and
then reaches a plateau, signalling that agents disagree to the same extent in the late periods of the planning
horizons. Note that nothing prevents oasin,, and oprez, from being equal, or oases, to be very close to
OMing- In such configuration, the dissent is either the same whatever the period in psychological time or
increases very little.

These elements represent the most general version possible of the model, which would entail a strong
degree of complexity and render the model less tractable analytically and make simulations less intuitive.
As such, we chose to simplify our treatment of uncertainty by focussing, as sketched above, on high-carbon
capital stranding expectations. Therefore, in the simulation in chapter 4l we only the maximum level of
uncertainty of high-carbon capital and term it X4

The model’s case. In the model, we simplify greatly this treatment of expectations. We indeed assume
that agents only formulate expectations on future utilisation rates for the high carbon sector, and that
idiosyncratic expectations are only related to high-carbon utilisation. Formally, this allows us to rewrite
expected profit rates as follows:

r5, (bt +5) =1 (t) — drr (8t + ) # (3.24a)

riy, (Gt +s) =y (t) (u% (t,t+s) +eg, (t,t+ s)) —dryg (t,t+s) #(3.24b)
We assume that the €% (¢, + s) are normally distributed through a random variable €5; (t,t + s) with

mean zero and variance (afﬁ (t, t+ 5))2 These simplifications made, the principle of the module is exactly
the same: after summing up expected profit rates and discounting, we consider the share of agents expecting
high-carbon capital to be less profitable than low-carbon capital using the fact that the €% (¢,t+ s) are
normally distributed.

Finding this proportion requires a law of motion for u$; (¢,t + s) in time s, to which we turn to now.

Standard errors and dissent We conserve the definition in Equations (21a-21b) and leave aside
that of Equations (21¢-21d).

Censoring Since consensus/dissent regards only stranding degrees within this framework, we start
assume that agents do not consider utilisation rates going above the long-run conventional rate uf;. We
therefore consider the following boundaries for % (¢,¢ + s):

T, (Gt +8) = —dry (t,t+s)# (3.25a) 1y, (t,t+5) =uyym (t) — dry (t,t + s) # (3.250)

And apply the x operator defined above.

Stranding expectations and narratives In the current version of the model, we consider that
agents formulate expectations on how stranded high-carbon capital assets will be in the future based on
narratives derived from expected shares of low-carbon energy.. This is how fictional expectations are
currently modelled within our framework.

Stranded assets are usually defined as assets (natural resources, means of production or financial instruments)
suffering from premature devaluation due to structural changes within the economic system as a whole, for
instance as a result of “creative destruction” (Schumpeter, 1983).

The low-carbon transition most likely entailing such sweeping changes, and what’s more mostly policy-
induced, the concept has received much attention over the past few years. An important literature has
indeed sprouted on the issue, ranging from the study of the foregoing of oil resources within Hotelling-like

16



frameworks (van der Ploeg and Rezai, 2020) to climate stress-tests in the financial sector (Battiston et al.,
2017) and going through the study of physical asset stranding.

The model focusses precisely on the latter aspect: that of physical asset stranding. Most studies on
the matter either try to estimate the impact of climate policies onto the utilisation of productive capital
(Cahen-Fourot et al., 2019; Jackson, 2018) or derive optimal transition paths with possible stranding using
perfect foresight (Baldwin et al., 2020; Coulomb et al., 2019). Our model comes closer to the second type of
study, by trying to relax the perfect-foresight assumption, and apply the concept of fictional expectations
to future utilisation rates.

Benchmark with a single narrative

We first endow our agents with such a narrative in terms of renewable energy consumption share in the
total, that we call £X(¢,t + s), N standing for “narrative”, and define as follows:

V—t<s<0, (X(t,t+s)=Llpt+s)
N
Vs >0, O (Lt+s) = O (bt s—1) (14 ry (1 ELGD)) # (3.26)

Where ry is exogenous, and 6, which represents the long-run low-carbon energy share goal, is 1. As a
result, only the starting value of the schedule, which the observed low-carbon share, changes. The sigmoid
shape is a quite natural functional for technology and product diffusion and structural change, and has
actually strong empirical underpinnings for many technologies (Mercure et al., 2014; Perez, 2002), products
(REF), and is considered as a sound pattern for the future displacement of fossil fuels (Vandevyvere and
Nevens, 2015).

These expectations allow agents to compute a high-carbon energy share, by definition equal to h¥¥ (¢, + s)
1— (X (t,t+ s). Now, at any point in time, the actual share hg (t) is also equal to:

Ed u
his (t) = Sy = St (3.27)

Which means that, in expectations, agents can use this equation and its equivalences:

RY (t,t+s) = Eruy (t, tJ(rtst)fs) & (t,t+s)

e Y t,t+s)eS(t,t+s
< Up (t7 t+ 3) = Eg(HK" )(tdt(-i-.s) ) # (328)

& Kg(ht+s) = MELtebie y
These equations can be used to derive a high-carbon capital and a high-carbon utilization schedules
period by period according to certain behavioural rules. That is, taking the narrative h% (t,t+ s) as a
reference, agents will check at every point in time whether leaving the capital stock to depreciate naturally
is consistent with the narrative’s high-carbon energy share if the utilization rate is left at its current level.
Formally, this writes:

1. If Erufy (tt+s)(1—0pg)K§ (t,t+s)
‘ 5 (t,t+s)
precisely, we assume that agents consider u}; as a conventional anchor, and effectuate another case

disjunction:

< h¥ (t,t+s+1), there is possibly a need for more capital. More

a) If u; (t,t+s) <ufy, K§ (bt +s+1)=(1—-6g)K5 (t,t+ s), that is agents expect that capital
H H> | H
will be left to depreciate naturally

N e
(b) Ifu$y (¢, t+s) <ufy, K§ (t,t+s+1) = %ﬁ;(tt-ﬁ-q)

stock in order to stay at the target utilization rate or return to it after a period above it.

, that is, agents modulate their capital

9. If Srui(t: tz;szfs) i (ht+s) R (t,t + s + 1), then the capital stock is just right, and is left to depreciate
d

naturally
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Eauly (t,t+s)K§ (t,t+s) N
3. ¥ FAGRaw) > hp

naturally.

(t,t+ s+ 1), agents cannot but leave the capital stock to depreciate

Note that we make here three assumptions:

1. The future demand schedule is known, as assumed in the preceding steps of the model
2. The productivity is known and known to be constant

3. Companies do not buy more capital than what they need, that is, they always invest consistently with
the expected utilization rate.

This allows us to determine a high-carbon utilization rate schedule in time S at any chronological time ¢
that we plug back into Equation (3.24b).

A conflictive narrative add-on

I then introduce a belief conflict on how far and how intense the energy transition will be. Building on
the work of Franke and Westerhoff (2017) on Keynes’s animal spirits (1936), itself based the seminal works
of Weindlish and Haag (Weidlich and Haag, 1983) and Lux. Our stance here is a little different, to the extent
that we our goal is more to study how a norm changes through time, with possible social lock-in effects,
consistently with Weindlich & Haag and Lux’s original goal. As such, our agents do not switch between
optimism and pessimism but between different norms depending on their overall credibility.

These social beliefs will take the form of two transition narratives, formalised by schedules of low-carbon
capital penetration ¢z in psychological time. The first narrative ¢¥ is the one given above. The other belief
¢%, will consist in an endogenous, trend-following projection of the share of low-carbon capital in psychological
time. At each point in time, agents will gauge the credibility of both beliefs through an evaluation process
clause to the approach proposed by de Grauwe and co-authors (De Grauwe and Ji, 2018). From this, agents
will derive an aggregate narrative £% that will constitute the high-carbon utilization rate schedule in time
S, henceforth diminishing stranding expectations if the adaptive narrative’s schedule is below that of the
regulator’s overarching narrative.

The alternative narrative is defined as follows:

V—t<s<0, (2(tt+s)=Lp(t+s)
Vs >0, £ (6 +s) = 0 (e s — 1) (147 (1) (1 - 0520 # (3.29)

With still § = 1 for the sake of simplicity. ¢ (¢£) moves in time ¢ and is defined as the observed growth
rate between the current and the previous period, corrected to turn into a logistic intrinsic growth rate:

57 (1)) =rn
. te(t)—txe(t=1) , F#(3.30)
VE> 1 (1) = PR #

We finally define the “aggregate-opinion” narrative ¢ (¢,t + s) is the weighted average of both narrative:
V—t<s<0, 9t t+s)=ax)let+s)+(1—zt)let+s)="Lp(t+s)#(3.31la)

Vs >0, (9 (tt+s)= x(t)lN (t,t+5)+ (1 —ax(t))la(t,t+s)#(3.31b)

The underlying story is as follows. The regulator adverts a transition narrative entailing a certain goal
to be achieved in the years to come. However, this narrative is not univocal: only a share of the population,
x (t) takes it as granted and credible. The other share, 1 — z (¢) considers this narrative as not credible and
relies on a simple forecast technique to project low-carbon capital shares over the planning horizon.

These shares will evolve in chronological time according to an evaluation process. We first define a
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variable wy (t) as follows:

0ift=1
wy (t) = s wl’ki(ég(ké%fw)) ift<1<M+1 #(3.32a)
P G ) R V|
And another, w4 (t) in the same way:
0ift=1
wa (t) = Z;ﬁwl‘kw ift<1<M+1 #(3.320)
it GO > a1

And finally, w (¢), the weighted average of both:
w(t) =z () wy (t) + (1 —z(t) wa (t) # (3.33)

That is, at each point in time, agents will take the relative spread (normalised by ¢k (t)) between the
actual share of £ (t) and the share given by previous norms between the previous period and time M,
fixed for simplicity equal to S. Past relative spreads are given an exponentially decreasing weight whose
starting value is w, fixed to 0.85, a commonly found value for such memory parameters in behavioural
macroeconomics (De Grauwe and Ji, 2018; Hommes, 2018).

This evaluation process is aimed at modelling a degree of reflexivity that agents have with respects to
their beliefs, the w’s being interpretable as credibility indicators, the farther from zero a given w, the less
credible a given norm.

To derive this opinion dynamics, let us first define an opinion indicator j () taking its values in [0, 1]
implicitly defining « (¢) as follows:

() = SO 4 (3340) 11— (t) = LTI (3.34h)

That is, the closer to 1 j(¢) is, the higher the share of the population believing in the regulator’s
narrative, and the closer to -1, the higher the share believing in the alternative narrative. j(t) is itself
defined recursively:

3 (1) = jo# (3.35a) j(t+1)=j(t)+ (1 —j®)p*™N (t) = 1+ (t)p"*(t) # (3.35b)

This equation is the opinion equivalent of the investment function defined in (3.10a). (1 —j(¢)) is a
measure of the population believing in the alternative narrative, while (1 + j (¢)) is a proxy for that of those
believing in the regulator’s narrative. pA% () is therefore the transition probability from the alternative to
the regulator’s narrative, and p™4 (¢) that from the regulator’s to the alternative narrative. They are given
by:

PN (t) = vexp (—w (1)) # (3.36a) p™4 () = vexp (w (1)) # (3.360)

That is, the higher w(t) (the more agents will have overestimated their potential performances in
aggregate), the more they will shift towards the alternative narrative, and reciprocally. v is a “natural
switching” parameter meant to figure a probability for agents to switch between norms even though w () is
equal to zero. Given that we are dealing with a long-run model, we set it to 0.001 (that is one agent out of
1000 will “naturally” switch behaviour). to figure a certain natural stickiness in the evolution of normsﬂ

7 One could wonder why the aggregate credibility w (t) should be the argument of both transition probabilities instead of the
norm-specific ones wy (t) and w4 (¢). This is indeed a legitimate specification. However, using the aggregate credibility allows
agents to have a look at both norms at the same time, and therefore avoid that they switch towards a less credible alternative
by only looking at the credibility of their own norm. We implemented both specifications, and results are qualitatively the
same: we therefore keep the specification using the aggregate credibility measure.
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My aim through this add-on is to explore more consistently the role of social beliefs in giving rise to
cognitive and social lock-ins within a modelling framework (cf supra). We indeed assume away, at least for
now, any kind of technical inertia, and only take interest in how expectations and their formation influence
the dynamics of our stylised low-carbon transition dynamics. I also incidentally intend to illustrate the
modularity of our modelling approach, showing how additional hypotheses can be added to explore specific
research questions.

4. Scenarios and simulations

We roughly calibrate our model roughly to the electricity market of European Union (EU) for the year
2017, see section[Appendix A]for details. However, the simulations below are intended as a demonstration of
the more general predicaments that underlie the assumptions behind our model, not to sketch concrete energy
transition paths for the EU. That is, given the fundamental uncertainty of the future and the possibility
of physical asset stranding via under-utilization of fixed capital, we show that different, narratively shaped
expectations about future transition dynamics—no matter what exact form they might take—and different
levels of uncertainty about future utilization rates, stranding and associated profitability of technologies take
concrete effects by shaping these transition dynamics.

4.1. The importance of narrative stances for transition dynamics

4.1.1. The one-narrative benchmark

Certainly, our model is calibrated to the EU as a region in which the transition to renewable energy is
already on its way. For this first model run, we assume that there is only one narrative prevailing between
agents, i.e. that the growth rate ry of renewable electricity according to official communications by the
European commission (2017) of about 12 % per year is upheld as the only relevant benchmark for transition
dynamics (the overarching narrative by the regulator). Accordingly, we see a smooth and gradual shift to
renewable electricity also for varying levels of maximum dispersion of opinion (dissensus), X4, about
stranding of high-carbon capital, see Figure In fact, within a model time horizon of about 50 years, 80
% of total capital stock in the electricity sector is renewable, i.e. £k closes in on 0.8.

0.8

0.8 ~

0.7

0.6

0.5

Share of low-carbon capital stock

Share of low-carbon capital stock

“ \\\\\\\““ “‘\&.\“
\\\\ i
\w\‘\\.\“‘ M
\‘t\\“‘\‘\\\\\\ \\\\\\\\\‘“
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i

40 0.8
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20

. 0.2
Time 0 o ¥

(a) The one narrative benchmark case with varying dissensus(b) Results stay robust also with increasing growth rates of
about profitability and utilization of the two technologies opinion dispersion 744,

Figure 2: A benchmark with one narrative and varying levels of dissensus

The underlying reason for the results depicted in Figure is that agents expect stranding of high-
carbon capital stock due to the transition, and at the same time anticipate a premium in the profitability
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for low-carbon investment due to the increased shift-in of this technology and associated network effects and
economies of scale. For high amount of dissensus, renewable investments are limited especially in earlier
periods. However, both the ambition as well as the belief of agents in the overarching narrative lead to
virtuous cycles for the investment in renewables. That is, as agents observe whether the narrative holds true
without forming dissenting opinions, the transition path validates itself because agents that believe in the
narrative invest in renewables, which leads others to follow their example and thus locks in the transition
path. This result stays robust also if the growth rate of dissensus in agents’ expectations, 7.4, varies, see

Figure 2D
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Figure 3: Varying ambitions and levels of dissensus: at high levels of dissensus and low levels of ambition, the transition may
not take place

Also without dissenting opinions, however, too timid ambitions by the regulator can lead to the lock-in
of an equilibrium where the transition essentially does not take place. This can be observed in figure [3]
where both the growth rate ry as well as the long-run target for the share of renewables in total capital
stock € as decreed by the regulator vary. Here, we can observe that below a certain threshold of ambition
and high levels of dissensus about utilization rates and future profitability of the two technologies, agents
revert to a portfolio of high-carbon capital stock.

4.1.2. The role of opinion conflict and competing narratives

Given high ambitions of the regulator, also widely varying levels of maximum dissensus X4, could
not phase out the transition. However, Figure [fa] demonstrates that in case of diverging opinions about
the future, the transition path given by the regulator can lose its credibility, leading to a reversion of the
transition for high levels of dissensus. Here, a high dispersion of opinion around mean stranding expectations
implies that a significant fraction of agents does not believe that stranding of hiw-carbon assets will take
place due to the transition. Therefore, a large fraction of agents will revert to high-carbon investment.
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Figure 4: A two narrative benchmark case shows a phase transition at higher levels of dissensus

The results of Figure [{a] are further evident from the dynamics of opinion conflict shown in Figure b}
That is, after a level of dissensus for ¥ ;.. of about 0.7, a large part of the agent population does not
adhere to the overarching narrative £, but rather to the alternative narrative ¢4, shifting the average
opinion K% rather to the trend-dependent alternative narrative. This effect is self-reinforcing over time,
since reductions in renewable investments tend to further decrease the validity of the overarching narrative
as well as stranding expectations for the high-carbon technology, moving more agents to the alternative
narrative. Conversely, if agents commit strongly to low-carbon investment in the early period of the run,
the alternative narrative will in fact come close to that of the regulator’s, due to its adaptive structure,
hence a positive lock-in.

These insights from our model runs are of primary importance in relation to the workings of fictional
expectations, and how they interact with dynamics realized partly based on these narratives. Indeed, agents
in our model are still forward-looking, in the sense that they formulate prospective projections into the future
under conditions of fundamental uncertainty. The way they do it is nonetheless partly backward-looking,
as they consider the past trend to be relevant for their investment decision. This reveals that it suffices
to assume a mix between backward- and forward-looking expectations to obtain behavioural stickiness and
path dependency in opinion formation. This result calls for great policy caution: if agents observe past
performances—which is not a very strong assumption to make—and if these past performances at least
partly influence how agents form their expectations, a gap between official goals and realized investment
paths at some point in time, or a less steady trend over even a relatively short period, may bear significant
long-run consequences on the dynamics of the transition.

4.2. Changes in electricity demand growth and narratives about the future

We can observe a clear correlation between growth rates of energy demand and opinion dispersion in
the model. This is especially relevant in a policy context, since satisfying growing electricity demand as
potentially connected to an electrification of the European economy is widely held to be necessary to reach
the goals of the Paris agreement . Such a widespreach electrification of our economies will
require overall larger investment in renewables to reach the transition to a low-carbon economy. For this
to take place, also in a situation with conflicting opinions about the future, opinion dispersion needs to be
lower for higher growth rates to achieve the transition, as can be observed in Figure [5] Here, in the upper
left panel , we can see how the phase transition between a no-transition lower equilibrium and an almost
complete transition higher equilibrium varies for different values of opinion dispersion and growth rates.
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Similarly, in the two lower panels and , we can see how the regime shift between a transition and a
no-transition scenario varies for lower (left lower panel) and higher (right lower panel) growth rates.
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(a) Interaction between growth rate and SigmaMax for final model(b) Regime change for different growth rates at high dispersion of
period opinions
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Figure 5: Interaction between electricity demand growth and conflicting opinions with alternative narrative regimes

Again, here one can clearly see the effects of alternative narratives in the model. If only one narrative
prevails as is the case for the simulations depicted in figure [6] also the interaction between growth and
the amount of dissensus is much less pronounced. As it turns out, only for very high rates of growth and
dissensus as shown in Figures[6a]and [6D] we can observe a regime shift to an equilibrium where the transition
does not take place.
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Figure 6: Interaction between electricity demand growth and conflicting opinions with only one narrative regime

4.8. Shocks to dissensus - changes in beliefs

Figure El shows different shocks €gigma,,., to dissensus, from a large positive shock in Figure to a
negative shock in Figure[7dl These “dissensus shocks” represent any external event influencing the divergence
of opinions about the future, such as uncertainty about policy decisions regarding subsidies for renewables
or the apparition of a breakthrough-technology. As it turns out in our simulations, only a large positive
shock as depicted in Figure suffices to negatively influence transition dynamics beyond a (rather low)
threshold for dissensus Y jps,,. Smaller shocks leave transition dynamics virtually untouched. Conversely,
a negative shock to dissensus as in Figure [7d] simply moves the level of dissensus where the regime change
between the point where a transition still takes places and where it does not.
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Figure shows the benchmark model run with two conflicting narratives without additional policy
options. Second, in Figure we assume that the regulator updates its norm according to the investors’
performance through the following rule

rN (1) =TN
V> 1oy () = ry (1) + oy (rN (1) — reff (t)) #(4.1)

With n,., = 0.5.

Third, we assume that the regulator sets more ambitious policy targets as in Figure |8c| (with vy = 0.2).
As can be seen, being ambitious right from the outset allows for sufficiently high stranding expectations to
trigger significant commitment to low-carbon investment regardless of dissensus. Updating the narrative
is also slightly more efficient than the no policy benchmark. There is therefore an improving potential for
some active forward-guidance in terms of transition objective so as to anchor agents’ expectations and bypass
dissensus on economic outcomes, but the effects seem to be limited. Implementing a univocaﬂ carbon price
of 300 $ per ton COZH as in Figure |8d|in leads to a transition for all levels of dissensus.

Univocal carbon tax. As can be seen, the introduction of a univocal carbon tax, although it does not prevent
adverse dynamics down to a certain point, allows for a rebound of low-carbon investment after some time,
regardless of the effect of dissensus. This is because the price signal, rightly anticipated by investors, becomes
sufficiently high to make low-carbon investment profitable. As a result, agents come to invest more and more
in renewable energy sources, increasing at the same time the share of low-carbon electricity in total demand.
Therefore, the alternative narrative will adapt upwards, propelling virtuous opinion dynamics, themselves
favouring low-carbon investment through higher stranding expectations. We can see here, all in all, a synergy
between carbon pricing and norms, which suggests that economic instruments can give rise to long-lived
social habits (or at least corporate governance norms) that are in line with the transition.

Dissensus about carbon tax. However, remains the question of what would happen if this price were not
univocal. To explore this possibility, let us assume that only the fraction x(t) of agents — those adhering
to the regulator’s narrative — actually incorporate the carbon price path in their expectations, while the
other share considers that the carbon price will not increase in subsequent periods. Results are displayed in
Figure [Be

As can be seen, even for relatively high levels of dissensus, applying a carbon price is sufficient to ensure
a successful transition towards a low-carbon electricity system. However, for high dissensus levels, carbon
pricing is first inefficient to propel a transition, until a point from which the tide turns, that is, when
the direct — not expected — pecuniary incentive becomes high enough to shift investment behaviours. The
mechanism is as follows: since, for high dissensus levels, investment goes more timidly towards low-carbon
energy sources in early periods of the run, the regulator’s credibility is harmed, hence reducing the share of
agents believing in a sustained carbon price. As a result, agents only incorporate the pecuniary incentive
with a lag — from a technical standpoint, their carbon price expectations become myopic — reducing its effect
through the expectation channel. At some point, the direct pecuniary incentive becomes strong enough for
investment behaviours to shift towards low-carbon energy sources. Although these effects seem to arise for a
reduced constellation of parameters, they are nonetheless of chief interest. As can be seen, the share of low-
carbon energy sources when carbon pricing is inefficient is lower than when it is by a rough 15-20 %. This
is significant, as this means that in a situation of strong dissensus, an economy can fall short of ambitious
targets in the long run by a sizeable margin. More precisely, the carbon pricing policy, if driven consistently
in spite of agents’ expectations, is efficient with a significant lag, putting in jeopardy the sustainability of the
economy under scrutiny if targets must be fulfilled within a well-defined time window. What’s more, such
results were obtained with relatively fluid investment behaviours, and with no limitation to the technical

8].e. agents perfectly incorporate future carbon prices in their expectations.
9 A pricing consistent with French (Centre d’Analyse Stratégique, 2012) and OECD estimates (OECD, 2011) for developed
countries.
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incorporation of low-carbon (renewable) energy sources into the system, while such limits may exist. Indeed,
investment behaviours may for instance suffer from incumbency biases (Unruh, 2000) and renewables may
face technical constraints, for instance that of grid management and batteries, that may force the prolonging
of some high-carbon infrastructures to ensure baseload servicing of demand.

5. Conclusion (unfinished draft)

The transition as a coordinated effort. Achieving the transition to a low-carbon electricity system will
require coordinated efforts by investors, electricity producers, and policy makers alike. Most of all, despite
encouraging market signals of increased profitability of renewables as compared to high-carbon electricity
sources, efforts need to be greatly intensified worldwide to have the chance to meet the ambitious goals of
the Paris Agreement. While profitability and cost considerations certainly are of primary importance for
the low-carbon transition, the importance of competing narratives about the future, belief in targets set by
the regulator, and dissensus about how the future sequence of economic events will unfold has been largely
neglected in macroeconomic modelling efforts so far. To fill this gap in the literature, we have constructed a
novel macroeconomic model where we explicitly use fictional expectation formation mechanisms for agents
when they imagine the future according to different narratives. These narratives are at the intersection of
backward and forward-looking expectation formation mechanisms, and thus an ecologically rational decision
making process under fundamental uncertainty.

These narratives are then allowed to compete with each other, and interact with official targets set by
the regulator. To sharpen our analysis, we have decided to construct an analytical framework where future
profitability considerations are more driven by expected stranding of capital stock and the overall state of
the transition that by explicit cost development paths. With this tool, we show that competition of different
narratives, dispersion of opinion and the speed of the transition co-determine whether the transition takes
place, or whether agents revert to a portfolio focused on high-carbon capital stock. While our analysis is
theoretical in nature, we contribute to the existing literature by showing some mechanisms at stake that
were not highlighted to the fullest extent in the past.

Main conclusions. All in all, the main lesson that can be drawn from this broad exercise is that dissensus on
key economic outcomes linked to the transition (such as asset stranding), and conflicts over broad transitional
narratives can significantly hamper the penetration of adverse technologies. While setting ambitious targets
is, within our framework, sufficient to solve any dissensus issue, redemption from a cognitive or normative
lock-in situation is complex. As a result, other kind of policies can serve as complements to carbon pricing
aimed at defusing biases. It is also to be noted that adverse dynamics only emerged for relatively high
levels of dissensus, which is a rather reassuring conclusion for our calibration area (Europe). However,
this conclusion depends heavily on the pace of the growth of electricity demand, and on the fact that the
European low-carbon transition is assumed to be already well under way. Assuming a higher growth in
energy demand and starting for lower shares of low-carbon capital and/or investment, would have yielded
adverse dynamics much more easily. Applying this model to developing countries will therefore be an
important area of application for further work.

Dissensus and social dynamics. Generally speaking, dissensus can be highly disturbing for social dynamics.
The current covid-19 crisis provides a striking example: social adherence to mask wearing, respecting barriers
gestures and social distancing is key in struggling against the virus and implementing the health policies.
Essentially, social processes rely on social cooperation and consensus to a large extent...

Hope and despair. To end the cycle of our narrative view on the economics of transition processes in the
energy sector, let us end with a quote from Beckett| (1956). Here Vladimir might as well talk about the
urgency of addressing the vital issues of humankind—before he plunges back into his usual mechanism of
helplessness and dependency on something that is just not going to happen, i.e. that Godot might come
one day. This might serve as a reminder that taking the right kind of action, if any at all, is not a simple
thing to do, especially given the fundamental uncertainty of the future:
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Let us not waste our time in idle discourse! Let us do something, while we have the chance! It is
not every day that we are needed. Not indeed that we personally are needed. Others would meet
the case equally well, if not better. To all mankind they were addressed, those cries for help still
ringing in our ears! But at this place, at this moment of time, all mankind is us, whether we
like it or not. Let us make the most of it, before it is too late! Let us represent worthily for one
the foul brood to which a cruel fate consigned us! What do you say? It is true that when with
folded arms we weigh the pros and cons we are no less a credit to our species. The tiger bounds
to the help of his congeners without the least reflexion, or else he slinks away into the depths of
the thickets. But that is not the question. What are we doing here, that is the question. And
we are blessed in this, that we happen to know the answer. Yes, in the immense confusion one

thing alone is clear. We are waiting for Godot to come—

Appendix A. Calibration

Appendiz A.1. Initial values

Starting values

Variable | Meaning Starting Value | Source and justification

eq Energy demand 3000 European Commission (2017)

Ky High-carbon capital stock 738.8325 Own calculations from low-carbon stock of capital
K, Low-carbon capital stock 260 European Commission (2017)

7 Share of low-carbon investment | 0.6 European Commission (2017)

uy, Low-carbon utilization rate 1 Convention

U High-carbon utilization rate 0.85 FRED (2018)

J Opinion dynamic indicator 0 Convention

Table A.1: Initial values for EU calibration
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Appendiz A.2. parameter values

Parameter | Meaning Value Source and justification
Je Growth of energy demand 0.0048 | Energy Brainpool reference scenario
(2019), amounts to a 17% increase in
energy consumption by 2050
&y Leontief coefficient for high-carbon energy | 3.689 EIA (2017)
xir, Leontief coeflicient for low-carbon energy | 2.628 ETA (2017)
ér Leontief coefficient for fossil fuel 0.1143 | EIA (2017)
ks Unit capital cost for high-carbon energy 0.7 AIE (2017)
ks Unit capital cost for low-carbon energy 1.5 AIE (2017)
ufy Conventional utilization rate 0.85 FRED (2018)
OrH Depreciation rate for high-carbon capital 0.02 Convention
OKL Depreciation rate for low-carbon capital 0.02 Convention
Yy Debt-to-investment ratio for high-carbon | 0.5 Convention
investment
Py, Debt-to-investment ratio for high-carbon | 0.8 Convention
investment
LT Loan tenure rate 20
cbrice Rescaled carbon price (starting value) 0.003 Conseil d’analyse Stratégique (2018),
OCDE (2018)
€Fp Growth rate of carbon price 0.0689 | Counseil d’analyse Stratégique (2018),
OCDE (2018)
p Discount rate 0 Convention
lbyun Lower bound for utilization rate in | O Convention
censorship process
hby, Higher bound for utilization rate in | 0.85 (+ | Convention
censorship process
S Planning horizon length 20 Convention
M Evaluation process range 20 Convention
0 Long-run transition goal 1 Convention
v Natural switching rate 0.001 Convention
Bo Link between opinion variance and | 1 Convention
stranding expectation variance
N Regulator’s narrative intrinsic growth rate | 0.1213 | European Commission (2017)
L%I‘"k“p Markup on loans to high-carbon | 0.03 Convention
investment
L%[‘"kw Markup on loans to low-carbon investment | 0.03 Convention
r Fint Interest rate 0.02 Convention
w Memory parameter 0.85 Usual value in related literatures
Tlog, Intrisinc growth rate for dissensus in time | 1 Keynes (1936)
S
oL Transition premium value 1 Convention
PFF Price of the fossil fuel input 0.005 EIA (2017)
PE Price of the electricity output 0.2 European Commission (2017)
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