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Abstract

We build a general equilibrium model to study how climate transition risks affect en-
ergy prices. Fossil fuel firms have existing capacity, but their technology to produce
energy entails carbon emissions. Renewable energy firms produce energy without
generating carbon emission but cannot currently supply to non-electrifiable sectors
of the economy. We consider two sources of climate transition risk for fossil fuel
firms: (i) the possibility of a technological breakthrough that improves renewable
energy firms’ ability to provide energy to all sectors, and (ii) the introduction of
taxes on carbon emissions and new fossil fuel production capacity. Such transition
risks make it less attractive for fossil fuel firms to create new capacity that might get
stranded in the future. However, if breakthrough technologies do not arrive, this
reduced capacity will lead to higher energy prices, in particular for non-electrifiable
sectors. This, in turn, can create incentives for incumbent fossil fuel firms to carry
existing inventories to the future, reducing supply and raising prices today. We
show how an optimally implemented tax policy, which sets a lower carbon tax and
a higher tax on new fossil fuel production capacity as the green transition becomes
more likely, can mitigate the risk of higher energy prices while maximizing social
welfare. We present several testable implications based on this counterintuitive
effect of transition risk on energy prices and provide preliminary empirical support.
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Through the burning of fossil fuels, energy production accounts for around three-quarters
of global greenhouse gas emissions (Ritchie and Roser, 2020). The energy sector is thus
a key focus of policy makers in the fight against climate change, with the hope that
low-emissions renewable energy can replace fossil-fuel-based energy sources. Yet, as we
will show, recent news about increasing physical and transition climate risks have not
been associated with systematically falling valuations of fossil fuel firms (see Figure 1, for
example). Similarly, Alekseev et al. (2022) have documented that investors who become
more concerned about climate risks have increased their holdings in large fossil-fuel-based
energy producers. Motivated by these observations, this paper aims to understand the
effects that climate transition risks have on dynamics of prices, investment, production
and valuations in the energy sector.

We build a two-period general equilibrium model to better understand the impact of
climate transition risks on the energy sector. We consider two types of fossil fuel firms:
(i) incumbents with substantial developed reserves that can be produced at relatively low
cost either today or tomorrow, and (ii) potential entrants who would need to invest today
to develop reserves for tomorrow. Renewable firms invest in capacity today to produce
at zero marginal cost tomorrow. With current technologies, the ability of renewable
energy sources to power the economy is limited both by the intermittency of renewable
supply as well as the fact that many key sectors of the economy are hard to electrify.
We consider two sources of climate transition risk for fossil fuel firms: (i) the possibility
of a technological breakthrough that improves renewable energy firms’ ability to provide
energy to all sectors, and (ii) the introduction of taxes on carbon emissions and new fossil
fuel production capacity.

In this environment, we show that transition risks can have the unintended conse-
quence of raising energy prices and fossil-fuel firm valuations. The intuition is that any
reduction in investments in additional fossil fuel capacity today—for example, because
a potential carbon tax reduces the profitability of producing energy using fossil fuels, or
because ESG policies raise the cost of capital for fossil fuel firms—could lead to substan-
tially higher energy prices in the future, in particular absent technological breakthroughs
that raise the ability of renewable energy source to power the entire economy. The antic-
ipation of higher future energy prices also might incentivize fossil fuel producers today to
transfer production capacity into the future, even at the risk that some of that capacity
may eventually be stranded. This can raise energy prices today, leading to what the
European Central Bank’s Isabel Schnabel (2022) called “fossilflation”. This energy price
rise, in turn, raises the value of production capacity that fossil fuel firms already have in
place, counteracting some of the direct effects of transition risks on the valuation of fossil
fuel firms with substantial proven reserves.

Let us elaborate. Our model features two periods, which can be interpreted as being



one or two decades apart. In the current period, the economy has to rely entirely on the
fossil fuel sector to satisfy its demand of energy. In the future period, with some proba-
bility a technological breakthrough occurs, which makes the renewable sector capable to
provide energy to the entire economy.

The possibility of a technological breakthrough constitutes the first source of transition
risk in our model, which can affect the current price of energy through the response of
the fossil fuel sector. Then, we also consider the possibility that a social planner might
impose taxes, either on carbon emissions or on the creation of new fossil fuel production
capacity. These two instruments are meant to capture sources of risk coming from the
policy response to the transition.

Our main result is that the transition path to a green economy can cause an increase
in the current price of energy. On the one hand, the expectation of lower future profits,
either due to policy or competition from the renewable sector, can induce fossil fuel
producers to increase their current supply of energy. This can have the effect of reducing
the price of energy today. This economic force is the standard intuition for how transition
risk may affect energy prices. On the other hand, lower future profits also have the effect
of discouraging investment in new production capacity. The fossil fuel sector might thus
decide to reduce current production, which is being sold at a low marginal profit, in order
to carry as inventory its existing production capacity in the future.

This inventory policy has a countervailing effect of raising the price of energy today.
The rationale for this non-standard result is that, if the transition does not occur, then
the fossil fuel sector would remain the main provider of energy to the economy, a scenario
in which profits would be very high. Given these higher future profits if the transition
does not occur, the inventory policy can be optimal even though it exposes the fossil
fuel sector to the risk of its assets becoming stranded if the transition indeed occurs, a
scenario in which it would not be profitable to fully exhaust the production capacity.
Relatedly, the incentive to undertake this inventory policy implies that fossil fuel firms
with large existing reserves are less exposed to transition risk, compared to potential
entrant firms or firms with lower production capacity already in place. In our model,
this latter result emerges starkly: Incumbent firms in fossil fuel sector with substantially
developed reserves are protected against, and can even benefit from, transition risk; in
contrast, potential entrants to the sector are always hurt.

Finally, we show how the policy response can be tailored in order to minimize the risk
of high energy prices over the transition path. Our results suggest that future carbon taxes
to be set in the scenario where the technological transition occurs should be decreasing

in the transition probability, while taxes on new fossil fuel capacity should be increasing.

!The magnitude of this risk has been discussed by McGlade and Ekis (2015), who estimate that,
globally, a third of oil reserves, half of gas reserves and over 80 per cent of current coal reserves should
remain unused in order to limit global warming to 2°C by 2050.
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Figure 1: Monthly series of the Energy Select Sector SPDR Fund (XLE) Stock Price. This ETF seeks
to provide an effective representation of the energy sector of the S&P 500 Index. Source: CRSP.

The rationale is that, in order to meet the energy needs of the economy, it would be
socially optimal to minimize the amount of existing fossil fuel production capacity that
remains unused, while discouraging the installment of new capacity.

Our model is also able to provide some empirical implications with respect to the stock
price of fossil fuel firms. Unsurprisingly, announcements of subsidies to the renewable
energy sector should have a negative effect on the stock price of fossil fuel companies.
The less obvious implication is that announcements of carbon taxes and taxes on new
fossil fuel production capacity should have a more negative effect on the stock price of
fossil fuel companies with little capacity already in place, compared to companies with
large existing reserves. Given the counterintuitive effect of transition risk on energy prices
via the inventory channel, companies with large existing reserves can actually experience
an increase in their stock valuations. We find preliminary support for this counterintuitive
implication in Figure 2, which plots the monthly correlation of stock returns of eight large
firms in the fossil fuel sector with the negative climate risk news index of Alekseev et
al. (2022) over the period 2013-22. Consistent with the model’s implication, services-
providing firms to the fossil fuel sector (Baker Hughes, Halliburton and Schlumberger)
— which, in particular, do not have established reserves — are negatively correlated with
transition risk news. In contrast, oil majors — with well-established reserves — have either
zero correlation (Exxon and Chevron) or positive correlation (Conoco Phillips, Occidental
Petroleum, and Devon Energy). The implication is worthy of being tested more fully in

future work.

Related Literature: Our paper belongs to the growing literature on climate finance,
extensively reviewed by Giglio et al. (2021) and Benthem et al. (2022). Our focus is

on studying theoretically the effects of the climate transition on energy prices, but this
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Figure 2: Monthly correlations of stock returns of fossil fuel firms with the negative climate risk news
index of Alekseev et al. (2022) over the period 2013-2022.

focus is motivated by existing empirical evidence. Empirically, Kéanzig (2023) shows
that a carbon policy tightening shock in the Eurozone causes an increase in the price of
energy. A similar conclusion is reached by Konradt and Weder di Mauro (2022), who
argue that carbon pricing increases the cost of energy, even though they find that the
price of other goods and services are unaffected. Relatedly, a large empirical literature
finds that oil supply shocks have important effects on energy prices and on the economy
(see, for instance, Kilian, 2009; Caldara et al., 2019; Kénzig, 2021). Several papers have
also shown that climate transition risk is currently reflected in the stock market (Hong et
al., 2019; Bolton and Kacperczyk, 2021; Engle et al., 2021). Connecting these inquiries,
our model also offers predictions for the stock price of fossil fuel firms in response to
climate transition risk and as a function of their existing capacity.

On the theoretical front, Pisani-Ferry (2021) makes the case that policymakers should
adopt a macroeconomic perspective when analyzing the effects of climate policies, and
that their general equilibrium effects on the economy should be taken into account. Along
these lines, Engle (2023) develops a “Termination risk model” which captures the idea
that fossil fuel assets might become stranded at some point in the future, and this might
have the effect of reducing energy supply today. We make a related point in our model,
and also argue that technological development in the renewable energy sector can instead
push down the current price of energy.

A growing theoretical literature also studies the effects of transition risk on the ag-
gregate inflation level, mostly relying on models based on the New Keynesian framework.
Ferrari and Nispi-Landi (2022) argue that expectations of future carbon taxes can have

deflationary effects on the economy, while Del Negro et al. (2023) find that the price level



response to the green transition depends on the degree of price stickiness in the various
sectors of the economy, and in particular of green and non-green sectors.

Finally, our paper is related to the large macroeconomic literature studying optimal
carbon tax and green subsidy policies in the presence of emissions externalities (Acemoglu
et al., 2012; Golosov et al., 2014; Lemoine and Traeger, 2014; Acemoglu et al., 2016;
Aghion et al., 2016). Another related paper is Acharya et al. (2023), which builds
a model to study “Net Zero” carbon commitments by corporations in a model with
externalities in renewable sector innovations, and investigates the role of large firms and
common ownership in this context. We add to this literature by studying how carbon
taxes should depend on the probability of a breakthrough technological development in
the renewable energy sector. Furthermore, we also analyze in optimal policy as well as
in terms of price implications the role of taxes on newly installed fossil fuel production
capacity.

The rest of the paper is organized as follows. Section 2 describes the model in detail.
Section 3 presents the main results on the effects of transition risk on energy prices, while

Section 4 discusses optimal carbon policies. Section 5 concludes.

1 Two-Period Climate Transition Risk Model

1.1 Setup

Time is discrete and there are two periods, ¢ = 0,1, with a gross discount rate R = 1.
The economy consists of a sector that consumes energy as well as three different types
of energy producers: an incumbent fossil fuel-based energy producer, a potential entrant
producing fossil fuel-based energy, and a firm producing renewable energy.

In period 0, the incumbent fossil fuel firm arrives with a certain level of reserves
(e.g., oil in the ground for which the exploration costs have already been paid). It then
chooses how much oil to extract at some cost and how much to leave in the ground to
be potentially extracted next period. The potential entrant instead chooses how much
new production capacity to install to be used in period 1.2 The renewable producers can
generate clean energy at zero marginal cost. They begin period 0 with no production
capacity, and decide how much to invest in new capacity to be used in period 1.

The current technology does not allow the renewable producer to satisfy all energy
demand in the economy. This captures the fact that energy use in several key sectors—for
example, steel production or maritime and air transportation—cannot be effectively elec-

trified. Similarly, the lack of large-scale energy storage combined with the intermittency

2In practice, some of new production and exploration can also be done by incumbent. By separating
the problem of how much to extract from current reserves from the problem of how many new reserves
to add, we are able to develop insights into how various transition risks might differentially influence
incumbents and potential entrants.
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Figure 3: Timeline of the model.

of solar and wind energy production means that some amount of electricity will need to
be produced via fossil fuels. As a result, we assume that with current technology, only a
fraction g of total demand for energy can be satisfied by the renewable sector.

We then assume that with some probability p, a breakthrough technology is developed
in period 1, which allows renewable energy producers to supply all sectors of the economy.?
In this scenario, renewable firms would be able to compete with fossil fuel producers in
markets from which they are currently excluded. We denote the scenario that includes
these possible developments as the “Breakthrough Technology” (BT) scenario, and this
eventuality represents a key source of transition risk for the fossil fuel sector.

If the technological breakthrough does not occur, the renewable firm in period 1 will
be able to supply energy only to a subset of sectors in the economy. This is the “Current
Technology” (CT) scenario, which is characterized by an “Electrifiable market” (E), where
both fossil fuel producers and renewable firms compete, and a “Non Electrifiable market”
(NE), where all energy supply has to come from fossil fuel firms. Energy price will be
different across these two markets.

The key externality in this model is that the production of energy by the fossil fuel

3This technology could either solve the problem of storability of clean energy, thus allowing renewable
producers to store and transfer their production over time in order to provide a constant supply of energy,
or could allow in other ways the renewable firms to provide energy to those sectors that were hitherto
dependent on fossil fuel sources.



sector causes a social loss through its carbon emissions. As a result, the government
might want to intervene in order to limit carbon emissions and maximize social welfare.
In particular, the planner might wish to impose a set of taxes on the fossil fuel producers’
carbon emissions in the Breakthrough Technology scenario in period 1, or a tax on the
amount of new production capacity that is installed by the entrant firm. These taxes
reflect transition risk affecting the fossil fuel producers in addition to the evolution of
renewable technology.

We now move to the formal description of our model in more detail. We start with
the problem of the consumers. We then state the problem of the green firm. Then,
we explain the production and investment decision problems of the two fossil fuel firms.
Finally, we clear markets to derive the competitive equilibrium. Timeline of the model is

summarized in Figure 3.

1.2 Model
1.2.1 Consumers and Demand for Energy

We keep the consumer side of the economy deliberately simple, in order to focus on the
energy supply sector. We assume that in each period there is a uniformly distributed
unit mass of consumers of energy, indexed by i € [0,1]. Such consumers include both
households and firms that use energy as an intermediate good in their production. Each
consumer ¢ is endowed in each period with some exogenous wealth W in each period that
can be used to purchase energy. Wealth cannot be stored across periods. In period 0,

consumers solve the following problem

max log e,
€

s.t. Poeh < W,

where ¢} denotes consumption of energy, and P, is the price of energy. It follows imme-

diately that each consumer’s demand for energy in period 0 is given by

;W
ey = 2
In period 1, the price of energy faced by each consumer will be different according to
whether the BT or the CT scenario materializes, and, in the latter case, depending on

whether the consumer’s energy demand is electrifiable or not. Hence, for each scenario

j € {BT,CT}, we have:



In the Breakthrough Technology scenario there is an integrated market for energy. This
implies that all the consumers face the same price, that is P{ g = Pipr for each i €
[0,1]. In the Current Technology scenario, on the other hand, we assume without loss of
generality that all the consumers in the interval [0, ¢] can electrify their energy demand,
while the rest of the consumers can only purchase energy from the fossil fuel firms. This
implies that P} o = P1pifi € [0,q], and P{ p = Py yp otherwise, where P, g and Py g
denote the price of energy in the electrifiable and non-electrifiable markets of the CT
scenario respectively.

Integrating across consumers, aggregate demands for energy in each period and sce-

narios are thus given by

1.2.2 Green Firm

In period 0, the green firm has to choose how much production capacity to install, to be
potentially used in period 1. We assume that installing an amount of production capacity
C has a convex cost 2—15027 and that this capacity can then be used to produce energy at
zero marginal cost. Hence, in period 1, the green firm will always choose to activate its
full production capacity. The renewable firm maximizes expected profits, taking as given
the price of energy in the respective markets at date 1 where it is able to sell (P g7, P g).

The firm’s problem is therefore:

1
rggé{ —2—502 +C |:pP1,BT + (1 — p)Pl,E] (1)

which implies that the optimal installed capacity by the renewable firm at time 0 is
C= 6{pP1,BT + (1 — p)PLE] .

1.2.3 Fossil Fuel Firm: Incumbent

At time 0, we assume that an incumbent fossil fuel producer has an existing capacity of
fo, which can be activated immediately to produce energy, or saved for the next period

as inventory. Producing an amount of energy f, has a cost of i fZ. In period 1, if the

9



BT scenario realizes, then the firm will always be facing competition of the renewable
producer. If the CT scenario realizes, the fossil fuel producer will be the only supplier of
energy for a fraction 1 — ¢ of total demand, where it might thus earn high profits. The
firm maximizes expected profits taking as given the price of energy at time 0, Fy, and in
all the possible states in period 1, (P gr, Pi.g, PinvE). Furthermore, we assume that a
social planner might impose a tax on carbon emissions, 77, in case the transition occurs

in period 1. The fossil fuel incumbent producer therefore solves
max foPy — Lfg + E[V}] (2)
fo 2/‘{31 f

subject to 0 < fy < fo. The date-1 continuation value Vf[ is equal to Vfl BT with
probability p, which is given by
1.BT 1

f = max (1 — 7’1,BT)P1,BTf1I,BT — _(fll,BT)27 (3)
e 261

subject to 0 < ff sr < fo— fo, and to VfI T otherwise, which is given by

1
VvieT = max  Pupflp+ Puvefive - 2_/-;1(f1[7E + five)” (4)

I
HefiNE

subject to 0 < flI,E + fl{NE < fo— fo.

1.2.4 Fossil Fuel Firm: Potential Entrant

We also assume that a potential entrant has to choose how much new production capacity
to install to be potentially produced in period 1. Installing an amount of capacity fl

1
has a cost 57

T r)m ff, where 7y represents a tax imposed by the social planner on the

construction of new fossil fuel production capacity.* The fossil fuel entrant producer
therefore solves

; E

fi + BlVf] (5)

1
max ———————
A 2(1 — 7o) K2

subject to fl > (. The date-1 continuation value VfE is equal to VfE’BT with probability

p, given by
1
VfE’BT = max (1 — T1,BT>P1,BTf1£?BT - _(ffBT)2’ (6)
ffBT 21{1

4This could correspond to a range of actual policies, including increasing the cost of new drilling (or
making fewer new oil field leases available). But it could also capture an increase in the cost of capital
for new energy production, for example due to raising banks’ cost of lending for such projects.

10



subject to 0 < ffBT < fl, and to VfE’CT otherwise, given by

1
C
VfE T _ max Pl,EffE + Pl,NEflE,NE — 2_m<f1EE + ffNE)Qa (7)

E
e fiNE

subject to 0 < ffE + ffNE < fi.

We describe the solutions to the fossil fuel producers’ problems in more detail in the
Appendix.
1.2.5 Market Clearing and Equilibrium

Given the production choices by the firms in the economy, supplies of energy in each

period are given by

SO - f07
Si,pr = C + flI,BT + ffBTa
Sie=CH fig+ flg and

I E
SINE = f1,NE + fl,NE'

By imposing market clearing, we obtain the following equilibrium conditions

w
FO — f07 (8)
2 :C+f11,BT+f1E,BT7 (9)
1,BT
45— =C+ fip+ [{p and (10)
P g ' ’
w
(1—Q)P— :f{,NE+fENE' (11)
\,NE

The previous system can be solved to find an expression for the equilibrium prices and
the production choices of the firms as a function of the fundamentals of the economy.
Assuming for now that the tax rates are kept fixed, we can therefore provide the following

definition of equilibrium in our model.

Definition. An equilibrium of the two-period model consists of renewable producer in-
stalled capacity, C, fossil fuel incumbent producer quantities, ( fo, f{j BT fl{ B fl{ NE), fossil
fuel entrant producer quantities, (f1, fer [Le: finEg), and prices, (Po, P pr, P g, PiNE),
such that

e Given prices, the renewable capacity C' solves the renewable producer problems (1).

11



o Ghven prices, the fossil fuel producers’ quantities solve the fossil fuel producer prob-

lems (2)-(7).
e Quantities and prices satisfy the market clearing conditions (8)-(11).

In our analysis, we assume that the initial fossil fuel reserves f, are not so high that

the producer is always unconstrained in all periods.

2 Model Analysis

We can now use our model to understand how the endogenous quantities of interest, in
particular the price of energy, change with the model parameters that represent various

types of transition risk. In particular, we will focus on:

1. Changes in the probability of the Breakthrough Technology scenario, p.
2. Changes in the tax on fossil fuel emissions, 71 pr.

3. Changes in the tax on new fossil fuel production capacity, 7.

2.1 Changes in the Climate Transition Probability

We first focus on the effects of changes in the probability of transitioning to a scenario
where the renewable sector can reliably supply energy to the entire economy, represented
by the parameter p. We can interpret these changes as deriving either from research in
the private sector or, from a policy perspective, we can view p as a parameter depending
on the size of government subsidies to R&D in the green energy sector.

Figure 4 shows how the model outcomes change as p increases.® We can see that, as
the probability of the Breakthrough Technology scenario increases, the renewable firm
increases its installed capacity. This is due to the fact that the firm is expecting to be
able to supply energy to a larger share of the economy in the future, and hence wants to
increase its capacity to be able to capture this additional demand.

As a consequence, the incumbent fossil fuel producer anticipates that, as p increases, it
will have to face higher competition from the renewable sector with a higher probability,
and hence wants to produce more in period 0 rather than carrying inventory in period
1. Similarly, the expectation of increasing competition from the renewable producer
in period 1 induces the new entrant in the fossil fuel market to install less production

capacity. As aresult, as p increases, total emissions in period 0 rise—driven by an increase

All the numerical examples are based on the following calibration: fy = 1.7, k; = 0.4, ko = 0.15,
0 =03, W =3, g =0.2. We choose parameters such that the incumbent fossil fuel firm is not always
unconstrained in all states.
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13




in the relative attractiveness of producing oil today vs. in the future—while expected
time-1 emissions fall.

The production and investment choices of the three firms as p increases have the
following effect on the prices. First, the increasing supply of green energy pushes the
prices down in the Breakthrough Technology scenario and in the electrifiable market
of the Current Technology scenario. Second, the transfer of fossil fuel production by
the incumbent firm from time 1 to time 0 pushes down the price of energy at time 0.
Finally, the lower installed capacity from the fossil fuel entrant firm, and the lower level
of inventory available to the incumbent firm, push up the price in the non-electrifiable
market of the CT scenario. The different dynamics of the price between the electrifiable
and non-electrifiable markets is due to the fact that, if the technological breakthrough
does not realize, the renewable sector will not be able to supply energy to the non-
electrifiable sectors of the economy, and supply of energy from the fossil fuel sector is also
lower because of the lower available production capacity. These results are summarized

in the following Proposition.

Proposition 1. Suppose that taxes are set to zero. Then, as the probability of a techno-

logical breakthrough, p, increases:
o The current price of energy decreases.

o The future price of energy decreases in the Breakthrough Technology scenario and
in the electrifiable market of the Current Technology scenario, and increases in the

non-electrifiable market of the Current Technology scenario.

In this context, therefore, government subsidies that increase the probability of tech-
nological breakthroughs in period 1, should not translate into a higher price of energy in
period zero, but can instead have deflationary effects on the price of energy. Since future
expected profits are lower as p increases for both fossil fuel firms in our model, we have

the following empirical prediction of our model:

Corollary 2. Announcements of subsidies to the renewable sector, which make the Break-

through Technology scenario more likely, have a negative effect on the stock price of fossil

fuel firms.

2.2 Changes in the Tax on Fossil Fuel Emissions

We now turn to the analysis of the effects of the introduction of a tax on carbon emissions
in case the Breakthrough Technology scenario realizes. Carbon taxes are extensively
analyzed both in the literature and in policy discussions, hence understanding their effect

on energy prices in our framework is particularly important.
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Figure 5: Equilibrium effects of changes in BT tax rate. Profits are normalized by first period’s values,
while emissions by last period’s values. BT scenario probability is fixed at p = 0.5.
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Figure 5 shows how the endogenous quantities in the model change as the tax rate on
carbon emissions in the BT scenario increases. We fix a value for the transition probability
(p = 0.5) and abstract from the fact that carbon taxes might endogenously induce firms
to invest more in clean technologies, thus accelerating the transition (Acemoglu et al.,
2012; Aghion et al., 2018). We can immediately note an interesting difference compared
to the previous case of changes in the transition probability, namely that the effect of the
tax rate on the current price of energy is nonmonotone. For low levels of the tax rate, tax
increases push down the current price of energy; if the tax rate is high enough, however,
then further increases will push up the current price of energy.

In order to understand this result, it is important to note that a tax on carbon
emissions affects both the incumbent and the entrant fossil fuel producer. We have
therefore two opposite forces affecting the incumbent firm’s incentive to supply energy in
period 0, which is what drives the behavior of current price.

On the one hand, expectations of a higher carbon tax in the future should induce the
incumbent firm to produce more in period 0, as expected future profits decrease. This
has the effect of incentivizing the incumbent firm to increase current supply of energy,
thus reducing the current price.

On the other hand, a future carbon tax reduces investment in new fossil fuel pro-
duction capacity by new potential entrants. This implies that, if the transition does not
occur, the incumbent firm will be able to gain large profits in the non electrifiable market
for energy, where it will be the main energy supplier. This has the effect of inducing the
incumbent firm to decrease current supply of energy, thus increasing current price.

Our numerical example shows that, for low values of the tax rate, the first effect is
prevailing. Therefore, the incumbent fossil fuel producer increases the current supply of
energy as the tax rate increases, reacting to the expectation of lower future profits. It will
only do so, however, up to a certain tax level, after which increasing the current supply of
energy is not profitable anymore, as the amount of current energy production is already
high. In that case, the incumbent fossil fuel producer optimally reduces current supply
of energy, and carries it as inventory in the future in the hope that, if the transition
does not realize, then it will be able to sell it for a high margin in the non electrifiable
market, where competition by new entrants has been discouraged by the high tax rate.
Note that since the incumbent firm has production capacity already in place, it does not
have to bear the additional costs of setting up new capacity, and therefore it can exploit
the potential high price of energy in the Current Technology scenario. The region where
the price response becomes flat corresponds to the case where the tax rate in the BT
scenario is so high, and fossil fuel production is so low, that the entrant firm only takes
into account the expected price in the CT scenario when deciding how much capacity to

install. Therefore, further changes in the tax rate do not change the optimally installed
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Figure 6: Fossil fuel stranded assets in the BT scenario, and future expected profits, as a function of the
tax rate. BT scenario probability is fixed at p = 0.5.

production capacity, and consequently do not affect the price in the CT scenario and the
incumbent’s incentive to increase its inventory.

Also note that this strategy exposes the incumbent fossil fuel firm to the possibility
of ending up with stranded assets in the Breakthrough Technology scenario. Indeed, if
the transition does realize, then the carbon firm will be exposed to a very high tax rate.
In that case, it might not be profitable to fully use the production capacity that has
been left from period 0, and it might actually be optimal to leave fossil fuel reserves
unused in the ground. Figure 6 illustrates this result, showing how the proportion of
initial reserves of the fossil fuel sector that remain unused is increasing in the carbon
tax rate. However, despite its assets becoming stranded, the incumbent fossil fuel firm
experiences an increase in its period 1 expected profits, due to the high profits in the
Current Technology scenario.

Note that we did not obtain this result in the previous section, as increases in the
probability p make the realization of the highly profitable CT scenario less likely, thus
reducing the incentive of the fossil fuel sector to carry inventory in period 1. Carbon taxes
are therefore an important source of transition risk in our model, which can potentially
push up the price of energy over the transition path to a green economy. We summarize

our result in the following Proposition.
Proposition 3. An increase in the tax rate on carbon emissions in the Breakthrough
Technology scenario has a nonmonotone effect on the price of energy in period 0:

72 <0,

o For 1 pr — 0, we have I =

7 > 0.

o For 7y pr — 1, we have Iy 2

We also have the following empirical prediction related to the stock prices of the fossil
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fuel sector, where we can identify the potential entrant fossil fuel firm in the model with

firms having low existing production capacity.

Corollary 4. Announcements of future carbon emission tazxes have a more negative effect
on the stock price of fossil fuel producers with low existing capacity, compared to producers
with large unused reserves that are already in place. This latter set of firms can potentially
experience an increase in their stock valuations for intermediate tax increases, if the

increase in price in the Current Technology scenario is large enough.

2.2.1 Taxes on production rather than on sales

Up to this point, we assumed that taxes in the BT scenario are imposed on sales of fossil
fuels, rather than directly on units produced. Under this alternative specification, the
period 1 problems of the incumbent fossil fuel producer in the BT scenario would be

1

max (PrBr — Tl,BT)fll,BT - 2_(f11,BT)2;
fiBr K1

subject to 0 < f{ pp < fo — fo, while the problem of the entrant firm would be

1
max (P1Br — Tl,BT)ffBT - Q_(fEBT)27
BT K1

subject to 0 < ffBT < fl.

Note that this formulation of the model is equivalent to our main specification, as if
the government where to set a tax on fossil fuel emissions higher than the equilibrium
price, then both firms would choose not to produce in that scenario. Indeed, Figure 7
shows the same exercise as in the previous section, and we can see that the results are

qualitatively the same. We therefore maintain the initial model formulation.

2.3 Changes in the Tax on new Fossil Fuel Production Capacity

The final source of transition risk that we consider in our model is a tax on new fossil
fuel production capacity. This could have either the form of an explicit tax imposed by
the government, or it could be interpreted as an increase in the cost of raising capital
for the creation of new production capacity, as financial markets might decide to allocate
capital away from this type of investments.

Figure 8 shows the implications of changes in this policy instrument on energy prices
and the other equilibrium quantities in the model. We can now see that the current price
of energy in period 0 always increases as the tax rate on new carbon installed capacity
increases. The intuition for this result is that this tax only affects the potential entrant

firm, but not the incumbent producer, whose reserves of fossil fuels are already in place.
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Figure 7: Equilibrium effects of changes in BT tax rate. Profits are normalized by first period’s values,
while emissions by last period’s values. BT scenario probability is fixed at p = 0.5.
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Figure 8: Equilibrium effects of changes in new production capacity tax rate. Profits are normalized by
first period’s values, while emissions by last period’s values. BT scenario probability is fixed at p = 0.5.
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Therefore, as the tax rate increases, investment in new production capacity decreases.
This implies that the incumbent producer is expecting lower competition from other fossil
fuel producers in the future, hence it has the incentive to reduce current supply of energy
in expectation of higher future profits, driven by the fact that, in case the transition does
not realize, the incumbent will be the main supplier of energy in the non electrifiable

market of the Current Technology scenario. We thus have the following Proposition.

Proposition 5. An increase in tazes on new fossil fuel production capacity induces the
incumbent fossil fuel firm to decrease its current production, thus increasing the price of

energy tn period 0.

The following Corollary describes the empirical predictions of our model for fossil fuel
producers’ stock prices, based on the fact that future profits in period 1 are increasing

for the incumbent firm, and decreasing for the entrant firm.

Corollary 6. Announcements of tazes on new fossil fuel production capacity have a
more negative effect on the stock price of fossil fuel producers with low existing capacity,
compared to producers with large unused reserves that are already in place. The latter set

of firms should actually experience an increase in their stock valuations.

3 Optimal Climate Policy

In the previous section, we took the two tax instruments (71 g, 79) as exogenously given.
We now consider the problem of a benevolent planner which can choose how to opti-
mally set these instruments to maximize consumer welfare, in the presence of a negative

externality associated with carbon emissions.

3.1 Optimal Carbon Tax

Let us first focus on the optimal carbon tax rate that the planner might choose to set
in case the transition to a green economy is successful. We define social welfare in each

period and technology scenario as

o W A L
Wi = log (P) 2 (12)
%4 A
Wi gr = log (P ) - §(f1[,BT + ffBT)Q (13)
1, BT

%74 |74 A
Wi cr == qlog (E> + (1 - Q) log (P > - §(f1IE + f1EE + flINE + flL?NE)2 (14)

1,NE
where A is a parameter that captures the extent to which emissions are socially costly,

and we associate to it a quadratic loss function. In period 0, we can define a measure of
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expected total welfare as
W i=Wy+pWipr+ (1 —p)Wicr (15)

We assume that, if the Breakthrough Technology scenario realizes, then the social

planner chooses the tax rate that solves

TUISI;%TE%,” Wl,BT(Tl,BT)
where we have made explicit the fact that equilibrium quantities, and consequently social
welfare, depend on the chosen tax rate.

Note that we do not allow the planner to choose the tax rate in period 0 in order to
maximize total welfare (15). This is because such a policy would not be time-consistent,
as in case the BT scenario realizes, then the planner would have an incentive to deviate
and choose the tax rate that maximizes welfare in that scenario. In our model, agents are
rational and forward looking, so they anticipate the government’s behavior. Therefore,
we assume that the optimal tax in the BT scenario is set in order to maximize (13).
However, note that even though the tax is only imposed in period 1 of the economy, it
also affects time-0 outcomes. In particular, expectation of future taxes have an impact
on the decision of the incumbent fossil fuel firm on how much to produce in period 0, and
on the decision of the entrant firm on how much production capacity to install.

Figure 9 plots the optimal tax predicted by our model in the BT scenario as a function
of the transition probability p, fixing a value for the penalty parameter \. We can
see that our model predicts a tax rate in the BT scenario which is decreasing in the
transition probability. The intuition behind this result is that, as p increases, both the
incumbent and the entrant fossil fuel producers have a lower production capacity at the
beginning of period 1. Therefore, the planner does not need to set a high tax rate to
limit carbon emissions, as fossil fuel production capacity is already lower. It follows that,
under this optimal tax policy, the fraction of stranded assets of the incumbent fossil fuel
firm decreases with the transition probability p. Our result can be viewed as broadly
consistent with Lemoine and Traeger (2014), who argue that the optimal carbon tax
should be increasing in the probability of reaching a “climate tipping point”, which in
our model can roughly be interpreted as being equal to 1 — p.

Figure 9 also shows how total (expected) social welfare changes over the climate
transition, when the government is setting the carbon tax in an optimal way. Note
that this calculation also takes into account energy consumption and carbon emissions
in period 0 and in the CT scenario, despite the fact that the planner is not taking them
into account when setting the optimal tax in the BT scenario. However, we can see that

the government is able to obtain an increasing social welfare over the transition path to
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Figure 9: Optimal carbon tax and fossil fuel stranded assets. The value for the carbon emissions penalty
parameter is fixed at A = 1.



a green economy through the optimal tax policy.

Finally, Figure 10 shows the evolution of the endogenous quantities in the model as
the transition probability p increases, taking into account the endogenous government
reaction through the carbon tax rate. We can see that, through the optimal tax rate
path, the planner is able to generate a smooth transition to a green economy, with the
energy price in period 0 that does not increase as the transition becomes more likely, but
it is actually decreasing in p.

Therefore, an optimal carbon tax policy, where the optimal tax rate in the Break-
through Technology scenario is inversely related to the ex-ante transition probability p,
allows the economy to experience a decreasing energy price over the transition path. Re-
call from our results in Section 3 that the economy can experience an increase in the
price of energy in period 0 if the carbon tax rate in the BT scenario is very high. Indeed,
the high tax rate discourages investment in new production capacity by potential entrant
fossil fuel firms, and can therefore induce the incumbent firms to reduce current supply,
for the possibility of capturing higher profits in the future in case the BT scenario does
not realize. However, as explained before, as p increases then investment in new capacity
decreases. A tax rate increasing in p would therefore amplify this effect, and might make
the non-electrifiable market in the CT state a very attractive scenario for the incumbent
producer, even though this state becomes less likely as p increases, by discouraging com-
petition from potential entrants even more. If instead the tax is decreasing in p, then the
reduction in newly installed capacity is not as strong. It then follows that the incumbent
fossil fuel sector has no incentive to cut the present supply of energy, thus inducing a

reduction in the current price of energy as p increases.

3.1.1 Carbon taxes in both technology scenarios

Up to this point, we have assumed that the social planner will only tax the fossil fuel sector
in case the Breakthrough Technology scenario realizes. Indeed, we show in the appendix
that, in case the Current Technology scenario realizes and the size of the electrifiable
market is small, then the planner would optimally choose to tax the fossil fuel sector less
than in the Breakthrough Technology scenario.

The intuition is that, if the technological breakthrough does not realize, then the
economy is still largely dependent on the fossil fuel sector for supply of energy. It follows
that taxes on carbon emissions would have a larger negative welfare effect on the economy
compared to the case where there is a renewable sector that is able to supply the energy
needed by the economy. Hence, the planner would optimally set a lower tax, compared
to the scenario where the technological breakthrough does realize, as high carbon taxes
would be hard to implement in the Current Technology scenario. We thus abstract for

now from this issue, and leave it as a future extension of the model.
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Figure 10: Changes in transition probability with endogenous BT carbon tax. The value for the carbon
emissions penalty parameter is fixed at A = 1.
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3.2 Optimal Tax on New Fossil Fuel Capacity

Suppose now that the planner can choose a tax to be imposed on newly created fossil
fuel capacity. Since the tax is imposed in period 0, the planner would choose it by
taking into account also the effects in period 1. Therefore, the optimal tax now solves
maxzco,1) W(7o)-

Figure 11 shows how the optimal tax on newly installed fossil fuel capacity changes
as the probability of the BT scenario increases. We can see that, unlike the previous
case, the tax is increasing in the probability p. The intuition for this result is that,
as the transition becomes more likely, it is not optimal to have newly installed fossil
fuel production capacity, as the renewable sector will be able to satisfy future demand for
energy. In our numerical simulation of the model, for high enough transition probabilities,
it is actually optimal not to have newly installed capacity at all.

Figure 12 shows the behavior of the equilibrium quantities over the transition, under
an optimal capacity tax policy. As with the carbon tax, we can see that the optimal
policy is able to ensure a smooth transition by avoiding increases in the price of energy
as the breakthrough scenario becomes more likely. Therefore, the increase in p, which
makes the Current Technology state less likely thus inducing the incumbent fossil fuel
producer to increase current supply, is able to compensate for the effect of an increasing
capacity tax, which pushes instead the incumbent producer to reduce current supply.

This result, together with the result on the optimal carbon tax in the previous section,
suggests that in order to minimize the damage to the economy represented by high energy
prices due to transition risk, it is optimal to induce the fossil fuel sector to use efficiently
its existing reserves, rather than installing new fossil fuel production capacity. Indeed, in
Figure 11, where carbon taxes are not imposed, we can see that the fraction of stranded
assets is always equal to zero over the transition.

The intuition is that, until the renewable sector is developed enough so that it can
reliably supply energy to the entire economy, energy production still has to be carried
out by the fossil fuel sector. However, this energy production should rely as much as
possible on existing fossil fuel reserves, rather than installing new production capacity
which would then become stranded as technological progress in the renewable sector
occurs. Our results in Section 3 showed that this transition can generate an increase in
the price of energy. However, our results on optimal policy suggest that taxes can be set
in an optimal way as a function of the degree to which the renewable sector is innovating,

in order to mitigate this risk.
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Figure 11: Optimal tax on new capacity and fossil fuel stranded assets. The value for the carbon
emissions penalty parameter is fixed at A = 1.
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Figure 12: Changes in transition probability with endogenous tax on new capacity.
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4 Conclusions

We presented a model that can be used to investigate how transition risk can affect the
price of energy. Expectations of carbon taxes in the future have the effect of lowering ex-
pected profits for fossil fuel firms, which should incentivize them to increase their current
energy supply thus pushing down the price. However, as the economy moves towards a
green economy, fossil fuel firms also have less incentive to build new production capacity.
Therefore, existing producers might eventually decide to optimally reduce current fossil
fuel supply in the hope of selling in the future at a high price, in a scenario where the
renewable sector fails to keep up with the level of technological development that is nec-
essary in order to reliably supply energy to the entire economy. Imposing high carbon
taxes in this scenario raises a commitment problem, as this would imply large welfare
losses for the economy. Therefore, this mechanism would have the effect of increasing
the price of energy before the transition occurs. Empirically, this can translate into a
positive stock price reaction of fossil fuel producers with large existing capacity, when
the market learns about news of future carbon taxes or restrictions on new fossil fuel
production capacity.

We then showed how policy instruments such as carbon taxes and taxes on new fossil
fuel capacity can be set optimally in order to minimize this risk. As the renewable sector
becomes more technologically sophisticated, the government should react by increasing
the tax on new production capacity and lowering the tax on carbon emissions. This
should induce the fossil fuel sector to use its existing production capacity in an efficient
way over the transition period, thus reducing the risk of energy supply shortages which
translate in higher prices.

Our current model can be extended in several interesting directions. First, the model
can be set into an infinite horizon setting, in order to obtain additional insights and
quantitative estimates of the effects that we have described. Second, we could consider
subsidies to the renewable sector as an additional policy instrument, in line with what
we are currently seeing in the US. Indeed, our model currently suggests that policies
that increase the probability of the Breakthrough Technology scenario should not induce
increases in energy prices. Third, we could make the transition probability endogenous to
the tax policy, which would capture the idea that as the fossil fuel sector becomes subject
to higher taxes, investors in the economy can reallocate resources to the development of
green technologies which would accelerate the transition (Acemoglu et al., 2012; Acharya
et al., 2023). Finally, the empirical implications of the model can be brought to the data
(beyond our preliminary evidence in Figure 2), analyzing in particular how the stock
prices of fossil fuel firms react to different climate policy announcements, and investigating
whether the stocks of firms with large existing capacities react positively to transition

policies (such as taxes on new production capacity) that might at first sight be considered
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bad for them.
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Appendix A Model Solution

A.1 Solution to the incumbent fossil fuel producer’s problem

Let fi = fo — fo. We can solve the problem of the fossil fuel producer starting from
period 1. If the production constraint is binding, then the continuation value in the BT

scenario is equal to
_ 1 -
Vi = (1= mpr) PLprfi — %ff
1

If instead the constraint is not binding, then the optimal production is given by
flI,BT = k1(1 — 7,87) P16,

and, consequently,

1
VfI’BT = §/€1(1 —71,87)°(P1B1)°.

Let P, = max P, g, P, ng. Note that the fossil fuel firm will want to use its entire
production capacity in the market where the price for energy is higher. If the production

constraint in the CT scenario is binding, we thus have
_ 1 -
I7CT CT,*
Vil =(1—-7")P f1—2—ﬁ1f12>

and
fi if PLg > PiNE

LE = % 1 if PLp=PiNE
0 if Pup < PiNE
fl if PLg < PiNE

I = .

1,NE — f1 Zf Pl,E = Pl,NE

S o=

if PLp> PinE

where we assumed that in case prices are equal across states, then supply is split equally.

Suppose instead that the constraint in the CT scenario is not binding. Then, we have

k(1 —7CT) PP i f pPTS S pETAS
CT,S . CT,S CT,NS
ki(1— 1T Py if PP77 =P

ncr,s _ )
T2
. CT,S CT,NS
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kil —1or)Pine  if Pup < Pine
fig= sk1(1—=7or)Pine if Pue= Pine
0 if PLe> PiNE

which gives

1
VfLCT = 5/‘61(1 — Tl,CT)Q(Pl,*)2-

We have therefore different cases to consider.

1. Production constraint in period 1 never binding: this gives

max_ foPy — —fo
0<fo<fo

+p 5 (1 -7 BT) (PLBT)2

(1= )21 = mer (P
which gives the following interior solution
Jo=r1Fp.
2. Production constraint in period 1 binding in the BT scenario only: this gives

max_ foPy — —fo
0<fo<fo

+p|(1 = 1.87)PLpr(fo — fo) — QLm(fo — fo)?

K
+(1— p)gl(l —10r)*(Pry)?

which gives the following interior solution

Rz _ Pra 3
f0—1+p0 11 Jo-

1-— P,
( Tl,BT) 1,BT + T+p

3. Production constraint in period 1 binding in the CT scenario only: this gives

1
max_ fo 0——fo

0< fo<fo 2K
+p 5 (1 — 11.87)*(PLpr)?

+ (1 =p) | (1 =7 or)Pra(fo— fo) — —(fo — fo)?
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which gives the following interior solution

1 —
K1 Py — ( P)/‘ﬁ(
2—p 2—p

1 —7i0r)Ps+

1—p-
e

4. Production constraint in period 1 always binding: this gives

1

o2 BP0~
—l—p[(l — 71,87)PLpr(fo — fo) — QLm(fo - fo)ﬂ
+ (1 —p) {(1 — 1.0 Pri(fo — fo) — 2%{&1(][0 — fo)z]

which gives the following interior solution

1. &K K
Jo= §f0 + Elpo - ?1 [P(l — 71,87)PLer + (1 —p)(1 - Tl,CT)Pl»*}'

A.2 Solution to the entrant fossil fuel producer’s problem

In period 1, the problem of the entrant producer is analogous to the one of the incumbent
producer, with the only difference being f; = fl. We have therefore different cases to

consider in period 0.

1. Production constraint binding in the BT scenario only: this gives

1 )
max — ———
o 2(1— To)'<02f1
~ 1 -
+p|(1—npr)Pierfi— —hH
2%1

K
+(1— P)El(l — 1,07) (P, )

which gives the following interior solution

2. Production constraint binding in the CT scenario only: this gives

1 £2
max — —————
A0 2(1 — 7o)k Ji

K
—l—p?l(l - T1,BT)2(P1,BT)2
I

1—p)|(1— P fi——
+ (1 =p)|(1 =7mor)Prefi 2,€1f1
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which gives the following interior solution

f _ (1 — p)(l — 7A'0)/ﬁ21/€2
TR+ (1= p)(1 — 7o)ke

(1 — TICT)PL*.

3. Production constraint always binding: this gives

1 22
max — —————
A0 2(1—1To)kg fi
X 1 .
+P[(1 —7i.pr)PLerfi — Q—ff}
R1

(1-p) [(1 er)Pudi - %f]

which gives the following interior solution

- (1 — %O)Iﬁllig
= 1— P 1—p)(1-— P .|.
h ot (=70 p(1 —71,57)Prr + (1 —p)(1 — T,0r) P,

Appendix B Proofs

B.1 Proof of Proposition 1

First, note that from the market clearing conditions (8) — (11), we must always have
Py g < Py yg. Indeed, suppose not. Then, both fossil fuel producers would choose to sell
in the electrifiable market only. Therefore, there would be zero supply of energy in the
non-electrifiable market, which would imply P, yg — 00, causing a contradiction.

Let us focus on the case where the period-1 production constraint is binding for both

fossil fuel producers. Market clearing conditions in this case are therefore

|44

B = o (16)

Pror =C+fo—fot+ fr (17)
44

Py ¢ (18)

(1—61)]3 =fo—fo+ i (19)
1,NE

Differentiating both sides of the previous equations with respect to p, we obtain

W odpr, dfy
o _ dfo 20
(Po)? dp  dp (20
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W dP gr dC dﬁ_%ﬂﬁ

_ - = _ 7 21
(P,pr)* dp dp dp dp 1)
W dP dC
_q—zj - (22)
(Prp)?* dp dp
1—q)WdP dfo  df;
_( q) - LNE _ _ﬁ n i (23)
(Pl,NE) dp dp dp
Moreover, optimal quantities are given by
A K1k
fi= s :_2 |:pP1 pr+ (1 — )P17NE:| (24)
1- K K
fo= éfo + Elpo — 51 |:pP1,BT + (1 - p)P17NE:| (25)
C=3 [ppl,BT - p)Pl,E} (26)
which implies
dfl R1Rg dP, pr AP NE
— = P, — P, ’ 1— d 2
dp . [ 1,BT ILNE TP dp + ( ) dp } (27)
dfo k1 dFy AP ,BT AP nE
== - — | P — P 1— d 2
dp 2 dp 2{ 1,BT LNE + D dp +(1—-p) dp } (28)
dC dP, pr AP g
=0|P — P, ’ 1-— ’ 29
p |:1BT B TP +(1—p) 0 } (29)

Let us first show that we have “fiﬁ < 0. By contradiction, suppose % > 0. Then, (20)
P P

implies g—; < 0. But then, using (28), we have

dPy pr dPynE
P —P : 1— — >0 30
1,87 — PiNE + P dp + ) dp (30)
It then follows from (27) that df L > 0, which implies, using (23), that dPl N2 < 0. Now,

note that market clearing condltlons (17)-(19) imply that P, g < P pr < PLNE. Using

(30), It follows that dPlpBT > 0, which in turn implies, using (21), that 9
(22) implies that Pl L

contradiction, so we must have 40 < (.

dp
Since dd% < 0, we can repeat the previous steps to show that %2

dp
dpilN 2 >0, and Z2ET < (. Then, suppose again by contradiction that
p dp

dc

> (0, which in turn implies, using (29), that 0

7> < 0. But then,
p

> (0. This is a

>0, 4 <0,

@ < 0. From

(22), it follows that 2= =% > 0, and using (21), we have =+ Pl L > 0. Thisis a contradlctlon

so we must have fg 2 O, and then from (22) it follows 1mmed1ately that
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B.2 Proof of Proposition 3

First, consider the case where 7 pr — 0. It follows that the fossil fuel production
constraint is binding in both scenarios in period 1, so that (16)-(19) hold. Differentiating

both sides of the market clearing conditions with respect to 7 gy, we obtain

W dP, df

_ — 31
(P0)2 T1,BT dTl,BT ( )
W dP, dc d df,
_ _ LBT _ o fo 4 f1 (32)
(P1,BT) dTl,BT dTl,BT dTl,BT dTl,BT
(Pl,E)2 dTl,BT dTl,BT
1—q)WdP d df
_( q) . LNE _ fo X fi (34)
(Pl,NE) dTl,BT dTl,BT dTl,BT

For simplicity, let us set 75 = 0, as this has no consequences for the proof. Optimal

quantities are now given by

p R1K2
= 1-— P 1—9p)P, 35
S 1T Fo {p( T1.87) P BT + ( ) 1,NE:| (35)
1- K K
Jo= §f0 + 71]30 - 51 {p(l —1i,87)Prer + (1 — p)P17NE:| (36)
C=9 |:pP1,BT + (1 - p)Pl,E} (37)

which implies that we have

dfl Kik2 dPy pr dP\ NE
= — pP, 1— ’ 1— : 38
dTipr K1+ Ka pPrer £ pl m.67) dri pr +d-p) dmi Br (38)
dfo k1 dPy K1 dPy pr dP\ NE
= — — —| —pP, 1— - 1— : 39
dripr 2dnipr 2 PPpr +p(l = 71.p7) dri Br ( ) dti BT (39)
=4 — + (1 — : 40
dTl,BT [p d7’1,BT ( p) dTl,BT ( )
We can proceed as in the proof for Proposition 1 to show that dinT < 0. Suppose by
contradiction that ddPO > 0. Then, by (31), Cfi < 0. It follows from (39) that
T1,BT T1,BT
dP, dP
—pP1pr +p(1 — 7187) SUEA (1-p) =E > (41)
dTl,BT dT1,BT

dPy NE

which in turn implies, using (38), that d;ff;T > 0. Using (34), it follows that i <0,
which implies, using (41), that % > 0. It then follows from (32) that % <0
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dP g
dri BT

a contradiction. Therefore, it must be that % <0.

Consider now the case where 7 g — 1. This implies that the production constraint

> 0. But then, (40) implies that -2~ > 0,

dri BT

which in turn implies from (33) that

of the fossil fuel firms becomes binding in the Current Technology scenario only. Assume
that the initial capacity of the incumbent firm is large enough so that it is less constrained
that the entrant firm. We therefore have two cases to consider:

Case 1: Production constraint of the entrant firm binding in both technology scenar-
ios; production constraint of the incumbent firm binding in the CT scenario only. Market

clearing conditions are

w
B =l (42)
5 =C+ flpr+hi (43)
1,BT
w
qP1,E =C (44)
I-aq)5—=Fo—foth (45)
1,NE

Differentiating both sides of the previous equations with respect to the tax rate, we obtain

_Wdry, df
(P0)2 dTl,BT dTl,BT

(46)

W dP o dff df
_ _ LBT _ + fl,BT i S (47)
(Pl,BT) dTl,BT dTLBT dTl,BT dTl,BT

W dPp  dC

_ = 48
(P1,E)2 dTl,BT dTl,BT ( )
1—q)W dP, d df
_( q) ~ LNE _ fo X fi (49)
(Ping)? dmipr dripr  dripr
Optimal quantities are given by
K1 (1 —p)ks I—p
= Py — P, 50
Jo 2,0 - 1,NE+2_pf0 (50)
A R1R9
= 1-— P 1—p)P 51
il i T o {p( T1.87)P1r + (1 — D) 1,NE:| (51)
fpr = r1(1 = 187) Prr (52)
C:5|:pP1,BT+(1_p)P1,E:| (53)
which implies
dfo _ k1 dRy _ (1 —p)/ﬁ dPl,NE (54)
dTl,BT 2—p dTl,BT 2—p dTl,BT
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df1 Ki1k2 dPi pr dPi NE
= — pP, 1— ’ 1— : 55
dripr K1+ Ko [ pPrer +p( m.57) dri pr +{d-p) dri pr ] (55)
df{ pr dPy pr
B L R _P 1— i 56
pr— K1 [ 1,57 + (1 —7187) dﬁ,BT] (56)
ac d dP,
dTl,BT d7’1,BT dTLBT
To show that = >0, we proceed in various steps. First, we show that 7 > 0.
P1 E

Suppose that the opposite holds. Then, by (48) we have 7 =~ > 0. This 1mphes using

(57) that dpl B; < 0. Using (56) we then have dﬁ’; < 0 and using (47) we have

dﬁ — > 0. Then from (55) we find dPl == > 0, which implies using (49) that ;X2— > 0.
But then (46) implies -2 < 0 and (54) gives (ilplﬂ < 0, which is a Contradlctlon.
T1,BT T1,BT
¢ _ > (), which in turn implies dPE < (0 and dPl BT > ()
drm,BT dr,BT 1,BT
following the same steps.

I
We now show that dfl’i < 0. Suppose that the opposite holds. Then, (47) implies
dfi 0, and using (55) we get 1—25 < 0. But then (49) implies deT < 0, (46)

dri BT dm

Therefore, it must be

1NE

fII,BT < 0
> drypr —

> 0, a contradiction. Hence,

implies 7= > 0, and (54) 1mphes

Then, suppose that 4 > 0. From (55) we have «iﬂi > 0, from (49) we have
1,BT T1,BT

% > 0, from (46) we have ddP 0— < (0 and from (54) we have % < 0, a contradiction.

Therefore, y dfr <0
T1,BT

For the next step, suppose that dPive ) Then, using (49) we have 5 dfo < 0, using

(46) we have dflp 0— > (), and using (54) we get — P1 T2 >0, a contradlctlon. Therefore,
dP) N g > (.
dri,pTr —

Finally, suppose that 45 — < 0. Using (46), this implies that dfo — > 0. From (54),
it then follows that Z-- g £ < 0 a contradiction. This proves that we must have ddP;;T > 0.

Case 2: Productlon constraint of both firms binding in the CT scenario only. In this

case, we have -4 — (. Market clearing conditions are now

dry, BT

|14
L (58)
Jo— C+ fipr + fipr (59)

1,BT

w
= 60
o (60)
I-g)5—=h—foth (61)

INE
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Differentiating both sides of the previous equations with respect to the tax rate, we obtain

W dPy  dfy

(B2 dripr  drpr

(62)

W dPpr _ dC dfipr | dfipr (63)
(Pl,BT)2 dTl,BT dTl,BT dTl,BT dTl,BT

W dPp  dC

_ = 64
(P1,E)2 dT1,BT dTl,BT ( )
1—q)W dP, d df
_( q) ~ LNE _ fo I fi (65)
(Pl,NE) dTl,BT dTl,BT dTl,BT
Optimal quantities are now given by
0 2-p 0 2-p 1,NE 2_]00
A (1 — p)K1kK2
= P, 67
fi o+ (L= p)ra I,NE (67)
flI,BT = ffBT = r1(1 = 71,87) P1 BT (68)
CI(S ppl,BT+(1_p)P1,E (69)
which implies
dfo __M by (1 —p)r1dPi NE (70)
dTl,BT 2—p dTl,BT 2—p dTl,BT
df1 _ (1 - p)/ﬁ@ dPl,NE (71)
dripr k1 + (1 —p)ke dripr
dfllBT dflEBT dPy pr
: = : = — P, 1-— : 72
ddm pr  ddm pr i [ Lot + ( T.57) dTl,BT:| (72)
dC dP, dP,
= 0P 1 p) gt ] (73
dTl,BT dTl,BT dn ,BT
Suppose first that ;=2 < 0. Using (62), this implies that ; df > > 0. From (70), it then

follows that dpl NE < O This implies, from (65), that dfl > O But then, from (71),
it follows that dP1 E > (. This is a contradiction, hence 1t must be &0 n o > (0. Assume

now that 2% > O. Using (62), this implies that - df“ — < 0. From (70), it then follows

that dPl Nf > 0 Then, from (65), this T;T < 0. But it then follows from (71) that

dP
dTi g £ > 0, which is a contradiction. It must therefore be ? = 0. Following the same
dfo  _ dfi  _ dPiNE _
reasoning, this also implies = = =
&8s b dry BT dri,BT dri,BT 0

[]

40



B.3 Proof of Proposition 5

Suppose that the period-1 production constraint is binding for both fossil fuel producers,
so that (16)-(19) hold. Differentiating both sides of the market clearing conditions with

respect to 7y, we obtain

) <IZV>£ - o
(- @QWdPwe  dfo | dfs (77)

== + =
(PLNE)Q dTO dTO dTO
For simplicity, let us set 7, pr = 0, as this has no consequences for the proof. Optimal

quantities are given by

~ (1 — f'o)fﬂlliz
_ P 1—p)P 8
K1+ (1 — 7o)ke pPipr+ (1 =p)Pve ™
1- & K
Jo= §f0 + ?113 — 51 {pPI,BT +(1- p)PLNE] (79)
C=96 [ppl,BT + (1 - P)PLE} (80)

which implies

dfl K%Iig
T~ T (L= [Pher (D) s o
(1 - 720)/11%2 dP pr dP NE
) 1 _ k)
Rl s vend U el Gt O e
dfo k1 dFy k1| dPpr dP NE
= — R — ) 1 _ ) 2
i 2dn 2 { i TP } (82)
dC dP, dP
— =0+ (1 p) (83)
dTO dTo dTO

We want to show that % > 0. We proceed again by contradiction, and suppose that the
opposite holds. From (74), this implies %2 > 0. It follows from (82) that

dP, dP,
1A,BT 11NE <0 (84)
dT 0 dT 0

+ (1 —p)
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dpl —NE ~ (), which

< 0 From (75) we then have > 0, Wthh implies, from

which implies, using (81) that df L < (0. From (77), it then follows that
implies, using (84), that dP1 -
(76), that dPl E < 0. But then (83 ) implies 4 ~ < 0, which is a contradlctlon Therefore,
we must have Cé% > 0.

[

B.4 Proof for section 3.1.1.

If the Breakthrough Technology scenario realizes, then the planner solves

i U<L) T

71,B7€[0,1] P, gr(T1.87) 2

where fi pr denotes aggregate fossil fuel production. Using the market clearing condition

(5), this is equal to

A
max  u(C + fipr(m,er)) — = (f1,80(T1,87))°
71,B7€[0,1] 2

which gives the following first order condition

W(C+ fier(mier)) = MNisr(Tsr)

where we have used the fact that supply from the renewable sector C' is price-inelastic,
hence it is not sensitive to the tax (conditional on being in period 1).

If the Current Technology scenario realizes, then the planner solves

max  qu| =—— | + (1 - qQu =—F—— ) - % SSNINT
,07€[0.1] ! (PLE(TLCT)) (-9 (Pl,NE(TLCT)> Q(fl’CT( vor))

By using market clearing conditions and the fact that fossil fuel firms only supply in the

non electrifiable market, then we have the following first order condition

1—g ) = )\fl,CT(Tl,CT)

hence, by combining the optimality conditions across the two scenarios we obtain

fier(misr) W' (C + fipr(m,sr))

fl,CT(Tl,CT) u/(fl,CT(Tl,CT))

1—¢
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Finally, using the concavity of the utility function and taking the limit as ¢ — 0, we have

f1,BT(T1,BT) U'(fl,BT(ﬁ,BT)) Ul(fl,BT(Tl,BT))

fl,C'T(Tl,CT) u/(fl,CT(Tl,CT)) u/<fl,CT(T1,CT))

1—q

Suppose now that fi pr > fi,cr. Then, we have «'(f1 gr) < v/(f1,0r). But this implies,
using the previous condition, that fi pr < fi,cr. This is a contradiction, hence we must
have f1 gpr < fi,cr, which implies that the carbon tax should be higher in the BT scenario
(since emissions are decreasing in the tax rate). We have equality when ¢ = 1, in which
case there is no difference between the two technology scenarios. Moreover, if the optimal
tax function is monotone in ¢, then this results holds for each ¢ € [0, 1].

m

B.5 Proof for results on Firm Profits and drilling restrictions

For simplicity, suppose that the tax on carbon emissions is set to zero. Let us start from

the entrant fossil fuel firm. Assuming that the production constraint is always binding,

we have
" (1—%0)/431/412 |: :|
= — P + (1 —p)P
fi /-@1—|—(1—To)/£2 PI1,BT ( p) 1,NE

which implies that total expected profits in period 0 are

E _ 1 (1 — %0)/%1/412
0 2/‘%1—{—(1—720):‘{?2

2
|:pP1,BT + (1 - p)Pl,NE:|

It follows that

dity 1
02— _ pPipr+ (1 —p)Pine )| —
d’i’o 2

K2k
[Hl + (1 — ’f'Q)HQ]

(1- 7:0)5}&'2 1 de{,BT +(1—p) dpliNE
K1+ (1 — TQ)KZQ 2 dTo dTO

5 (pPLBT +(1- p)P1,NE)

Therefore, we want to show that

(1—7) ( dPypr AP nE K1
: 1-— : < P, 1—9n)P,
5 P 47, + ( D) 470 = e+ (1—70)ma PP pr + ( P) 1,NE

Recall that in section B.3 we showed that

d Py dfo
> — <
d7o — 0, d7o — 0
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It follows then immediately, using (82), that

dP. dP.
p—P (1 - p)=—E >
dTo dTo

We now want to show that dC > 0. By contradiction, suppose that the opposite holds.

dP1 £ > 0 which in turn implies, using (83), that dPl BT ().

Then, using (76), we have
But then, subtracting (76) from (75), we find that % - % > 0, which in turn 1mphes

dto
using (59), that dPl NE < (. But then it follows that

dP pr dP) NE
. 1— ’ <0

which is a contradiction, hence it must be % > 0. Then, using (76) we find df;—;(’)E <0

which in turn implies, using (83), that dl;li > 0. It then follows, using (75), that
~ TO

3—% < 0. Finally, using (81), we obtain

. dP, pr dP) nE K1
1— ) 1— , < P 1—p)P
(1 —1o) (p i +(1-p) ) St (—70)m pPupr + (1= p)Pine

which implies directly that dHO <0.
Turning to the 1ncumbent fossﬂ fuel firm, and considering again the case where the

production constraint is always binding, we have

1. & K
o= g+ 5P =5 (rPior+ 0= 0)Pive

and total expected profits in period 0 are
) = foP) — L 3
0 0L 0 2,%1 0
+ |:pP1,BT +(1- p)Pl,NE] (fo— fo)
L= 2
~ 5 (o= fo)

To ease notation, let Py := pPy pr + (1 — p)Ping. If we plug the value for f, into the

previous expression, it follows that

1= 1
I = éfo(P0+P1)+Zf€1(P0—P1)2—4—me
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Hence, it follows that

dlIl} 1-(dFy, dP, 1 dP, dP;
0: 5 <—0 1)+§H1<P0—P1)(—AO 1)

d7:0 d’f'() d7A'0 dTo d’f'()

Using (79), Py — P, = ,-»% (fo — %ﬁ), hence

g f dPO L foe f dPy  dPy
d’fo N 0 d T0 0 0 dT() d7A'0

— (- fo)dPl dPO

where the last inequality follows from the production constraint f, < f, and from the
fact that both prices are increasing in 7y, as shown before and in section B.3.

Finally, consider the renewable energy producer. Its profits are given by

HOR = C|:pP17BT + (1 _p)Pl,E:| — %CQ

using

C = 5|:pP1,BT +(1- p)Pl,E:|

we have

I =

[\ e

2
{ppl,BT + (1 - p)Pl,E‘|
Therefore, this implies

dITE
dTo

dP, d
=0 {pPI,BT + (1 _p)Pl,E:| [p dlf’BT +(1—p)
0

where the results follows from 4 > 0 and (83).
[

B.6 Proof for results on Firm Profits and probability of Break-
through Technology State

For simplicity, suppose that the taxes on carbon emissions and new production capacity
are set to zero. Let us start from the entrant fossil fuel firm. Assuming that the production
constraint is always binding, we have

; KRik2

= P, 1—p)P,
Ji Kt R plBT+( p)PiNE
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which implies that total expected profits in period 0 are

2
E _ 1 R1K2

0 —§/<;1—|—/£2

|:pP1,BT + (1 —p)PinE

It follows that

dH(')E K1Ko dPy pr APy nE
= Py pr+ (1 —p)P P pr — Ping + == 4+ (1— :
dp K1 + Ko pIBT ( p) 1,NE 1,BT IL,NE T D dp ( p) dp

In section B.1, we showed that % < 0. But then, using (27), it follows immediately that

dny
- <0.

Turning to the incumbent fossil fuel firm, and considering again the case where the

production constraint is always binding, total expected profits in period 0 are

1- 1 1 22
115 = §f0(P0+P1) +1/€1(P0—P1)2 - 4—me
where P := pP; pr + (1 — p) P vg. Hence, it follows that
dIt} 1]- dP,
= = P — P | =2
b Q[fo—i‘/ﬁ( 0 1)] dp
dP, pr dP\ NE

17
+§[f0_/{1(PO_P1):||:P1,BT_P1,NE+p + (1 —p) dp ]

In section B.1 we showed that dd% < 0. Moreover, we argued before that the last term in
square brackets in the previous expression is negative, and we also have fy—r(Py—P;) >

0, which follows immediately from (25) and f, < fo. For the last step, we also have
fo+ x1(Py — P1) > 0, which follows from Py — P, = %1 (fo - %fo) and fo > 0.
Finally, consider the renewable energy producer. Its profits are given by

1
HOR = C|:pP1,BT + (1 _p)Pl,E:| — %CQ

using

C=9 |:pP1,BT + (1 - p)Pl,E‘|

we have

I =

|

2
[pPI,BT +(1— p)PLE}

Therefore, this implies

dI1E
dp

dPy pr

=0 |pPrr+ (1 —p)Pl,E] {PLBT —Pig+p
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where the results follows from % > 0 and (29).
[l

B.7 Proof for results on Firm Profits and carbon tax in BT

scenario

For simplicity, suppose that the tax on new production capacity is set to zero, as this
has no consequences for the proof. Let us start from the entrant fossil fuel firm. For
small tax on carbon emissions, the production constraint is binding in both technology
scenarios. This implies that new capacity is given by

o R1KR9

- 1- P 1—p)P
S K1t g {p( T1.87) P BT + ( P) 1,NE:|

and, consequently, profits are

E—l R1Rk2
0 2 K1+ Ko

2
[p(l —7,87)PLpr + (1 — p)Pl,NE}

It follows that

dHOE R1R9 dPl,BT

= 1—71 7)) PLpr+(1—p) P 17
dTl,BT K1 + Ko [p( I’BT) L,BT ( p) 1,NE:| |:p<< 1,BT>d

dP
_Pl,BT) +(1—p)1—’NE}

T1,BT d7’1,BT

Recall that in section B.2 we showed that, when the carbon tax rate is low, d:ll% <

0. This in turn implies, using (31), that % > 0. Therefore, using (39) it follows
immediately that

dP; gr dP\ NE
1-— — — P, 1—p)——=<0
p(( T1,BT) - e | +(1—p) —
Sy . dnkt
which implies that -—¢— < 0.
T1,BT

Consider now the incumbent fossil fuel producer. Optimal quantity produced in period
0is )
- K K
Jo= §f0 + épo — El {p(l —1,5r)Pier + (1 —p)PinE

and, consequently, profits are

1- 1

Hé: §f0(PO+P1)+ZL’iI(PO_P1)2
1 -

— s

B 4/‘?1
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where P :=p(1 — 7 gr)P1sr + (1 — p) Py yp. 1t follows that

dr 1_{ dPy . dP, }

0
dTl,BT 2 dTl,BT dTl,BT

1
+—H1<P0—P1)

dF, AP
2

dﬁ,BT d7'1,BT
Note that

AP

dTl,BT

dPy pr

dP,
= p((l — T1.BT) p LAE

<0
dTl,BT

- PLBT) +(1-p)

T1,BT

and, using (36), Py — P, = %(fo — fo). It then follows that

I
il = (fo— fo) 4h + fo i

dr 1,BT

dTlBT dr T1,BT

since both prices are decreasing in the tax rate, and fy < fo.

Finally, consider the renewable energy producer firm. Its profits are given by

H(])% = C|:pP1,BT + (1 —p)Ple:| — 2_502

using

C = 5|:pP1,BT + (1 - p)Pl,E:|

we have

2
Hé% = |:pP1,BT + (1 — P)PLE}

N

Therefore, this implies

dITR

dr 1,BT

dP
:5[pP1,BT+(1_p)P1,E:| [ 1BT+(1—p)

dm BT

dP17E:|

dTl,BT

We now argue that % > 0. Suppose that the opposite holds. Then, using (33),

Cﬁﬂ > 0, Which in turn implies, using (40), that dPl 2L < 0. But then, it follows from
(32) that 5 — >0, which is a contradlctlon T herefore it must be 5 dC — = 0. But then,

using (40), 1t 1mmed1ately follows that d

> 0.
pl
We now turn to the case where 71 pr — 1, and we consider two separate cases as
before.
Case 1: Production constraint of the entrant firm binding in both technology sce-

narios; production constraint of the incumbent firm binding in the CT scenario only. Let
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us start from the entrant fossil fuel firm. New production capacity is given by

fi= Kff; {p(l —7,87)Prr + (1 — p)Pl,NE:|
and profits are
E R1R2 2
Iy = 201 + Fa) [p(l —1.57)P1pr + (1 — p)Pl,NE}
It then follows that
dﬂg _ K1A2

= 1—7 Pipr+(1—-p)P
dTl,BT K1t o {p( 1,BT) 1,BT ( p) 1,NE:|

dPy pr dPy NE
x p((1- BT _ p 1 :
{p(( T1,B7T) drpr  LLBT +(1-p) -
Recall that in section B.2 we showed that —=— — < 0, which immediately implies, using

(55), that dHO < 0. We now turn to the 1ncumbent firm. Optimal quantities are

K 1 -9k 1—p-
fo= 1 Po—( p) 1P1,NE+ pfo
2—p 2—p

flI,BT = k1(1 — 71,87)P1Br

and profits are

I} = foPy — —fo
K
+p 21 (1—mn BT) (PLBT)2

+ (=) [ Pvel = o) = (o= o]

It then follows that

d11t d dF, 1 d
0o _ Ifo Py + fo o L Ifo
dTl,BT ClTl,BT dTl,BT dTl ,BT
dP
+ pr1(l — 71 B7) {(1 — T1.B7) 1 LOT Pl,BT:| P r
T1,BT
dP, d 1 - d
+ (1 —p) [ Y (fy — fo) — Pung i + —(fo— fo) L
dTl,BT dTl,BT R1 dTl,BT
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which can be rewritten as

dI1! dP
p O = pry(1 — 7.87) | (1 — T187) LB Py gr| P17
T1,BT T1,BT
dP, - APy NE
1 _ _ 9
+ fodﬁ,BT + (1 =p)(fo = fo) -

Note that the first term of the previous expression is negative, as it reflects reduced profits
from the carbon tax in the BT scenario. The terms in the second line are instead positive,
as they reflect increasing profits from moving fossil fuel production from time 0 to the
CT scenario in time 1. In all our numerical experiments, the first effect always prevail so
that profits of the incumbent fossil fuel firm decrease with the carbon tax rate.

For the renewable firm, it is easy to show that its profits increase with the carbon tax
rate by repeating the same steps as before.

Case 2: Production constraint of both firms binding in the CT scenario only. Let us

start from the entrant fossil fuel firm. New production capacity is given by

~ R1R2
= 1—p)P,
Ji ot (1 —p)/@( p)PinE
and profits are
K1K
Iy = = (1= p)*(Piye)’

2[k1 + (1 — p)ka
1
+p=r1(1 = 7157)*(PLpr)?

2
It then follows that
a1ty dP,

0o _ R1R2 ( _ p)zpl,NE 1,NE

dripr k1 + (1 —p)ko dri,Br
dPi pr

—I—p/fl(l - 7’1,BT)P1,BT (1 - 7’1,BT) d - Pl,BT

T1,BT

Using the results from section B.2, the first term of the previous expression is equal to
zero, while the second term is negative. Overall, profits of the entrant fossil fuel firm
therefore decrease with the carbon tax.

Turning to the incumbent fossil fuel firm, profits have the same expressions as in the
previous case. However, since now both F, and P, g do not change with the tax rate,
now profits are unambiguously decreasing in 7, pr. Similarly, for the renewable firm,
profits have the same expression as before, and it follows immediately from the results in

section B.2 that they are increasing in the carbon tax rate.

20



