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Abstract

Despite governments’ commitments to limit global warming to 1.5 degree Celcius,

there is still investment in carbon-intensive capital. This paper uses a growth model

featuring irreversible investment, capacity utilisation, clean and polluting capital to

study this apparent paradox. It shows that current investment in polluting capital and

CO2 emissions are coherent with expectations of a future carbon tax, if investors also

expect a bailout of polluting capital. This result implies that governments’ credibility

can play an important role in reducing the cost of implementing an optimal carbon tax

by committing not to bail out. However, there exists a temptation for a short-sighted

government to boost output and consumption in the short run by announcing a future

bailout.
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Figure 1: Global energy investment in clean energy and in fossil fuels, 2015-2023e

Note: Data from the IEA. Measured in billions of dollars.

The climate literature has shown that the CO2 emissions implied by the existing stock of

polluting capital already exceed the remaining carbon budget to limit global warming to

2°C or less (Davis & Socolow 2014, Pfeiffer et al. 2016, 2018). Figure 2 shows the shrink-

ing world carbon budget. The total carbon budget to keep global warming below 1.5°C

with 80% probability is only equal to 2.5 years of annual emissions. Some of the existing

polluting capital stock must become ’stranded’ to meet our climate objectives. However,

despite this overaccumulation of polluting capital and the government’s commitment to

respect this carbon budget, firms and households keep investing in polluting capital.

This paper studies this apparent paradox in the allocation of resources towards pollut-

ing capital, focusing on the role of climate policy uncertainty. Indeed, although there is

evidence that firms and households expect climate policy to become more stringent in

1



Figure 2: Remaining carbon budget for the 2°C and 1.5°C target.

Note: This figure shows the remaining carbon budget in 2022 depending on the likelihood of keeping global warming below 1.5°C or
2°C. Sources are from Our World in Data.

the future, there is still uncertainty surrounding when a carbon tax will be imposed and

precisely what type of policy will be implemented. More precisely, there appears to be a

lot of uncertainty about whether owners of stranded assets will be bailed out or compen-

sated by governments. For example, Sen & von Schickfus (2019) shows that, in Germany,

investors expected that the tax on the lignite coal power plants would be accompanied

by a form of bailout to compensate stockholders for their financial losses. Only when a

court decided this policy was against national and European legislation did the value of

the firms owning those lignite coal power plants decrease.

Thus, one potential explanation for the persistent investment in polluting capital is that

households and firms expect compensation for future losses due to a more stringent cli-

mate policy. Indeed, if polluting capital is more productive than clean capital, it can be

optimal for investors to keep investing and using polluting capital if they expect a bailout

compensating them for the potentially stranded assets.

In this work, I study the impact of climate policy uncertainty on investment in polluting

capital and the existence of stranded assets. We use a two-asset neo-classical model along

the lines of Rozenberg et al. (2018) with three key features: (1.) irreversibility in polluting
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capital, (2.) capacity utilization of polluting capital, (3.) uncertainty about future climate

policy. A key feature of our model is in line with Sen & von Schickfus (2019), firms are

unsure about both the timing of climate policy and whether the government will bail out

stranded assets or not.

We first show that non-punitive climate policies such as subsidies on clean capital are

probably not feasible under the current level of polluting capital, which makes it more

likely that investors expect a future carbon tax. Secondly, in a stochastic equilibrium

where investors expect a future bailout, the steady-state level of polluting capital can be

above the laissez-faire equilibrium if the bailout is sufficiently large. Thus, expectations

of a future climate policy can be coherent with an increase in current emissions when we

include the possibility of a bailout. Finally, we show that a short-term government might

want to commit to a future bailout of polluting capital to temporarily increase output and

consumption at the cost of a longer transition and more stranded assets. Conversely, com-

mitting never to bail out polluting capital reduces output today but decreases the cost of

transition and the amount of stranded assets in the future. Finally, we show that, despite

the absence of any financial frictions in our model, the price of clean and polluting firms

will overreact to climate policy commitments in the future, confirming that expectations

about future climate policies might have a large impact on financial markets.

Literature review

There are two types of stranded assets. The first ones are the known fossil fuel reserves

that need to remain under the ground to respect the objective of 2◦C set by the 2015 Paris

Agreement. Indeed, as shown by McGlade & Ekins (2015), known reserves in 2015 vastly

exceeded the carbon budget of 1,100 gigatonnes of carbon dioxide, and around a third of

oil reserves, half of gas reserves, and 80% of coal reserves need to remain unused. This

overabundance of fossil fuels has thus shifted attention from the risk of "peak oil" to the

risk of stranded assets (van der Ploeg & Rezai 2019).

A second type of stranded asset is the infrastructure and capital that directly or indirectly

requires carbon fuels to operate. Such assets can be directly related to the energy sec-

tor, such as a coal plant, an oil refinery, or an oil tanker, but they are not limited to it:

airports, highways, and central heating systems can also be affected. Davis & Socolow

(2014) estimated that the committed emissions – that is, the cumulative emissions that
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would be emitted if an asset is used for its total lifetime at its expected use rate – implied

by those carbon-intensive infrastructures were increasing at 4% a year in the energy sec-

tor. Subsequent studies found that the committed emissions from total carbon-intensive

infrastructures already exceeded the current carbon budget, making the appearance of

stranded assets inevitable (Pfeiffer et al. 2016, 2018). The main conclusion from the em-

pirical literature on stranded assets is that there is too much carbon fuel at our disposal

and too much carbon-intensive infrastructure to use compared to our remaining carbon

budget. This over-abundance makes it more likely that a climate transition will imply

stranded assets.

In theory, stranded assets can be the most efficient solution and are a desirable conse-

quence of a carbon tax. If investors made mistakes in the past and didn’t properly inter-

nalize the climate constraint and the social cost of carbon, it can be more efficient today

not to use those assets once the climate constraint is revealed (Rozenberg et al. 2018). In

that sense, stranded assets are a typical example of avoiding a sunk-cost fallacy. If the

marginal cost of using those assets is superior to the implied marginal benefit, it is best

not to use them, whatever the previous cost of investing in them. However, in practice,

stranded assets might create risks for financial stability and incentivize politicians not to

implement efficient climate policies. Many central bankers, especially in Europe, (Carney

2016, ECB 2019, Andersson & Baccianti 2020, Batten 2018) have thus focused on the risk

that those assets could pose to financial stability. Banks that have carbon assets on their

balance sheets could become insolvent due to the decrease in the value of those assets

following a more stringent climate policy (Lucia et al. 2019). Secondly, investors who own

potentially stranded assets might be able to lobby against climate policies and block ef-

ficient and needed action against climate change. In addition, investors might demand

financial compensation, increasing the cost of climate policies and pushing the govern-

ment to delay climate policies.

Given the overabundance of polluting capital of fossil fuel reserves and the potentially

harmful effects of stranded assets, a natural question arises: why do investors keep financ-

ing carbon-intensive capital when most governments have already committed to limiting

climate change to 1.5-2C° with the 2015 Paris Agreement? Indeed, as shown by Pfeiffer

et al. (2018), investment in carbon-intensive capital is still positive even though the cli-
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mate constraint has long been discovered. Batten et al. (2016) found that although the

Paris Agreement positively impacted the valuation of renewable companies, it had no

significant effect on carbon-emitting companies. A good example of this paradox is coal:

although it is the most polluting carbon fuel, the installed capacity of coal-fueled electric-

ity plants has constantly risen in previous years. Three potential factors can explain such

a paradox.

The first would be that investors have not internalized governments’ commitment to limit

global warming or believe this commitment is not credible. However, this would be at

odds with numerous studies that find that investors expect some kind of climate policy

and have already priced in the risks associated with climate policies and global warm-

ing (Batten et al. 2016, Byrd & Cooperman 2018). Bolton & Kacperczyk (2019) finds that

investors consider a carbon risk in the sense that they demand higher returns for higher

CO2 intensive firms, which indicates that they expect a climate policy in the future. Fried

et al. (2019) also provides evidence that some large US firms use an internal carbon price

to guide their investment decisions, indicating that they expect a more stringent climate

policy in the future. Thus, even though firms doubt the timing of climate policies (or,

equivalently, the actual size of the carbon budget), they expect some action against cli-

mate change will be taken in the future.

A second explanation could be that investors expect that technological innovations, such

as carbon capture, will allow the retrofitting of carbon-intensive capital. In that sense,

they expect that the irreversibility of polluting capital will not be binding and that it will

be transformed into cleaner capital in the future (Byrd & Cooperman 2018, van der Ploeg

& Rezai 2019). There is indeed evidence that the potential of carbon capture could limit

the carbon intensity of some coal plants and other polluting capital (Fisch-Romito et al.

2020).

A last reason could be that investors expect to be compensated for their losses by govern-

ments. If investors expect governments to bail out stranded assets, investing in carbon-

intensive infrastructures can be rational and profitable even though the climate constraint

is already known. In this sense, the uncertainty about climate policy is deeply related to

the political economy issues previously mentioned (van der Ploeg & Rezai 2019). Sen &

von Schickfus (2019) provides some evidence of investors expecting a bailout in Germany,
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where the federal government announced a future ban on lignite coal plants. Their study

found that the prices of coal-related firms weren’t affected by the announcement of the

ban but dropped only after a court ruled that any kind of compensation would be illegal.

This work is related to recent theoretical works that have shown the impact of a carbon

tax on the level of stranded assets. Rozenberg et al. (2018) found that, in a Ramsey growth

model with polluting and clean capital, a tradeoff exists for the social planner between

intertemporal efficiency and the level of stranded assets. However, their study didn’t take

into account the anticipation of climate policy by investors and the potential commitment

issues from the government: they assumed that once the climate constraint is discovered,

there is an immediate and optimal carbon tax imposed. This is a potential issue as there

has been a lot of debate about the impact of expectations of climate policy on current

emissions. For example, Sinn (2012) showed that expectations about a future carbon tax

could push carbon-intensive sectors to increase their use of carbon fuel in the short term

to limit the amount of future carbon reserves under the ground. On the contrary, Fried

et al. (2019) showed that if investors expect an efficient carbon tax to be imposed in the

future, they will reduce their current investment in polluting infrastructures, and the cost

of actually implementing the carbon tax will be smaller.

This model contributes to the debate by showing that this “Green paradox” versus “re-

versed Green paradox” depends on the ability of the government to commit to a clean

climate policy. Suppose the government credibly announces that it will not bail out fu-

ture stranded assets. In that case, our model suggests that emissions should decrease be-

fore the implementation of the policy, compared to the laissez-faire equilibrium, and the

cost of imposing a carbon tax will be lower. Previous works also investigate the impact

of investors’ expectations on stranded assets but didn’t account for some of the general

equilibrium effects or the impact on the cost of climate policy that we investigate. van der

Ploeg & Rezai (2018) and van der Ploeg & Rezai (2020) study the impact of policy uncer-

tainty on investment in polluting capital in a model of the energy sector and found that

polluting firms’ profits were higher when the carbon tax was delayed or when a subsidy

on clean capital was imposed instead. However, their model didn’t account for general

equilibrium effects and the impact of climate policy on output. Finally, in a larger sense,

this work belongs to an older but large literature on investment under uncertainty and
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irreversible investment (Arrow & Kurz 1970, Abel 1983, Abel & Eberly 1993, Dixit et al.

1994, Dixit 1995).

This paper is structured in three parts. In the first part, we present and solve the model

for the laissez-faire equilibrium and the planner’s solution. In the second part, we study

a decentralized equilibrium under an optimal carbon tax, a second-best subsidy on clean

capital, and an optimal carbon tax associated with a bailout. In the third part, we study

the stochastic equilibrium before a climate policy is imposed and when investors expect

either an optimal carbon tax or a tax jointly with a bailout. We calibrate the model and

present some numerical simulations.

1 A growth model with clean and polluting capital

In this section, we present the main model without policy uncertainty. It is a neoclassical

model with two assets in discrete time, similar to Rozenberg et al. (2018). We first solve for

the decentralized equilibrium under "laissez-faire", that is, without the climate constraint.

We then solve the central planner’s problem under the climate constraint.

1.1 Laissez-faire equilibrium

The economy comprises three sectors: a final goods producer, an intermediate clean pro-

ducer, and an intermediate polluting sector. The representative household owns shares in

the two clean and polluting firms.

Firms

Final goods producer. A final goods producer produces total output yt using an intermediate

good xt and labor l, with the following aggregate production function

yt = xα
t l1−α.
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The intermediate good xt is a composite of the clean and polluting intermediate goods xc
t

and xp
t

xt =

(
(xc

t )
ε−1

ε +
(
xp

t
) ε−1

ε

) ε
ε−1

.

The first-order conditions of the final good producer determines the price of the interme-

diary goods

pc
t = α

(
(xc

t )
ε−1

ε + (xp
t )

ε−1
ε

) ε
ε−1 α−1

(xc
t )

−1
ε ,

pp
t = α

(
(xc

t )
ε−1

ε + (xp
t )

ε−1
ε

) ε
ε−1 α−1

(xp
t )

−1
ε .

Clean intermediate good. A clean intermediary firm owns the stock of clean capital and

makes investment decisions to maximize its stock market value, subject to a linear pro-

duction function

V(kc
t) = max

kc
t+1

{
dc

t +
V(kc

t+1)

1 + rc
t+1

}
s.t. xc

t = zckc
t

dc
t = pc

t xc
t − kc

t+1 + (1 − δ)kc
t .

The first-order condition yields the usual equation for the productivity of capital

rc
t = pc

t zc − δ. (1)

Polluting intermediate good. The polluting firm owns the stock of polluting capital and

makes investment decisions but is also subject to an irreversibility constraint on invest-

ment to represent the difficulty of transforming polluting capital into clean capital, as in

Arrow & Kurz (1970). We also allow the firm to use only part of its installed stock of

capital qp
t ≤ kp

t to produce the intermediary good. We say that the economy has stranded

assets if qp
t < kp

t .

V(kp
t ) = max

qp
t ,kp

t+1

{
dp

t +
V(kp

t+1)

1 + rp
t+1

}
s.t. xp

t = zpqp
t

dp
t = pp

t xp
t − kp

t+1 + (1 − δ)kp
t

kp
t+1 ≥ (1 − δ)kp

t

kp
t ≥ qp

t
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The corresponding Lagrangian is

L = dp
t +

V(kp
t+1)

1 + rp
t+1

+ ψt(k
p
t+1 − (1 − δ)kp

t ) + νt(k
p
t − qp

t ).

This yields the following first-order conditions

1 − ψt =
V′(kp

t+1)

1 + rp
t+1

,

pp
t zp = νt. (2)

Along with the associated Karush-Kuhn-Tucker conditions

νt(q
p
t − kp

t ) = 0, νt ≥ 0, (3)

ψt(k
p
t+1 − (1 − δ)kp

t ) = 0, ψt ≥ 0. (4)

The associated envelope condition is

V′(kp
t ) = −ψt(1 − δ) + νt,

so that the investment decision of the polluting firm is determined by the following equa-

tion

(1 − ψt)(1 + rp
t+1) = pp

t+1zp + (1 − ψt+1)(1 − δ). (5)

Proposition 1. In the laissez-faire equilibrium, assets are never stranded.

Proof. Since the aggregate production function respects the Inada conditions, the marginal

productivity of capital goes to infinity as xp
t goes to 0 and thus, pp

t will always be strictly

positive. Equation 2 thus implies that the multiplier on the capacity constraint νt will be

strictly positive. Equation 3 then implies that qp
t = kp

t , and the economy will not display

stranded assets.

The intuition behind this result is straightforward: there is no cost associated with using

polluting capital, so it is always efficient to use all of the installed capacity. The invest-

ment decision is only based on the tradeoff between consuming today and consuming

tomorrow, without taking into account emissions or the social cost of carbon.
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Households

The economy is composed of a representative household that maximizes its expected dis-

counted sum of utilities over an infinite horizon

E0

∞

∑
t=0

βtu(ct).

The household owns shares in the clean firm sc
t , whose price is vc

t , and the polluting firm

sp
t , with price vp

t . The budget constraint is thus

ct + vc
t sc

t+1 + vp
t sp

t+1 = sc
t(v

c
t + dc

t) + sp
t (v

p
t + dp

t ).

The instantaneous utility function is a CRRA function of the form

u(ct) =
cχ−1

t
χ − 1

.

The following two Euler equations characterize the optimal consumption-saving decision

of the household

vc
t c−χ

t = βc−χ
t+1(d

c
t+1 + vc

t+1) (6)

vp
t c−χ

t = βc−χ
t+1(d

p
t+1 + vp

t+1) (7)

Proposition 2. In the laissez-faire equilibrium, assuming the absence of irreversibility costs, the

marginal productivity of installed polluting capital is equal to the marginal productivity of clean

capital.

Proof. Let us first define the (stochastic) discount factor of the households as

1 + rc
t+1 =

dc
t+1 + vc

t+1
vc

t
, 1 + rp

t+1 =
dp

t+1 + vp
t+1

vp
t

.

Equation 6 and 7 imply that

rc
t+1 = rp

t+1.
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If we substitute Equations 1 and 5 and assume that ψt+1 = ψt = 0, we obtain

pc
t zc = pp

t zp.

The main conclusion of the laissez-faire equilibrium is that, in the absence of a carbon tax

on the use of polluting capital, there are never stranded assets and the marginal productiv-

ity of polluting and clean capital will be equal. Assuming a higher marginal productivity

of using fossil fuel, we will thus have a higher share of polluting capital in this economy.

1.2 Central planner’s solution under a climate constraint

We now focus on the social planner’s problem, taking into account the carbon constraint.

The climate constraint is represented by a carbon budget mt ≤ m̄ where m̄ represents the

maximum level of cumulative emissions to limit global warming to 2◦C. This is coherent

with the literature on climate change that has shown that global warming is closely related

to cumulative past emissions (Allen et al. 2009, Matthews 2016).

This allows us to model the complex carbon cycle through a simple law of motion of cu-

mulative CO2 emissions, represented by mt+1 = et + (1− ε)mt with et being the emissions

of CO2 at each period and ε a coefficient measuring the dissipation rate of CO2. In prac-

tice, ε is so small compared to the depreciation of capital δ that it is negligible in the short

and medium term, but we take it into account to simplify some calculations. Finally, the

use of qp
t causes emissions at a rate G, which represents the carbon-intensity of polluting

capital, so that et = qp
t G.

The social planner maximizes the representative household’s utility subject to the resource

constraint of the economy, the law of motion of carbon emissions and of clean and pol-

luting capital, the physical constraint on the use of polluting capital, the irreversibility
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constraint, and the carbon budget constraint. The problem of the social planner is thus

max
ct;it,p,it,c

∞

∑
t=0

βtu(ct) s.t. ct + kc
t+1 + kp

t+1 = yt + (1 − δ)(kc
t + kp

t )

yt =

((
(xc

t )
ε−1

ε + (xp
t )

ε−1
ε

) ε
ε−1
)α

xc
t = zckc

t , xp
t = zpqp

t

mt+1 = qp
t G + (1 − ε)mt

kp
t ≥ qp

t

kp
t+1 ≥ (1 − δ)kp

t

m̄ ≥ mt

The associated Bellman equation of the problem is

Vt(kc
t , kp

t , mt) = max
kc

t+1,kp
t+1,qp

t

{
u(ct) + βVt+1(kc

t+1, kp
t+1, mt+1)

}
+ ψt(k

p
t+1 − (1 − δ)kp

t )

+ νt(k
p
t − qp

t )

+ µt(mt+1 − Gqp
t − (1 − ε)mt)

+ ϕt(m̄ − mt)

The first-order conditions are

u′(ct) = β
∂Vt+1(kc

t , kp
t )

∂kc
t+1

u′(ct) = β
∂Vt+1(kc

t , kp
t )

∂kp
t+1

+ ψt

νt = u′(ct)
∂y(kc

t , qp
t )

∂qp
t

− Gµt (8)

−µt = β
∂Vt+1(kc

t , kp
t )

∂mt+1
. (9)
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and the Karush-Kuhn-Tucker conditions are

ψt(k
p
t+1 − (1 − δ)kp

t ) = 0, ψt ≥ 0

νt(k
p
t − qp

t ) = 0, νt ≥ 0

ϕt(m̄ − mt) = 0, ϕt ≥ 0

The envelope conditions are

∂Vt(kc
t , kp

t , mt)

∂kc
t

= u′(ct)

(
∂y(kc

t , qp
t )

∂kc
t

+ 1 − δ

)
∂Vt(kc

t , kp
t , mt)

∂kp
t

= u′(ct)(1 − δ)− (1 − δ)ψt + νt

∂Vt(kc
t , kp

t , mt)

∂mt
= −(1 − ε)µt − ϕt

Substituting the envelope conditions inside the first-order conditions, we find

u′(ct) = βu′(ct+1)

(
∂y(kc

t+1, qp
t+1)

∂kc
t+1

+ 1 − δ

)
(10)

u′(ct) = βu′(ct+1)

(
∂y(kc

t+1, qp
t+1)

∂qp
t+1

+ 1 − δ − G
µt+1

u′(ct+1)
− ℓt+1

)
(11)

µt+1 =
1

1 − ε

(
µt

β
− ϕt+1

)
(12)

with ℓt+1 = β(1−δ)ψt+1−ψt
βu′(ct+1)

being the legacy costs associated with the excess of polluting

capital that cannot be disinvested.

Proposition 3. The economy features stranded assets if

∂y(kc
t , kp

t )

∂qp
t

< Gµt.

Proof. The optimal choice of qp
t is determined by Equation 8. Let us assume that qp

t = kp
t .

If the marginal productivity of polluting capital when using all of the installed capital
∂y(kc

t ,kp
t )

∂qp
t

is below the marginal value of an extra unit of CO2 Gµt. Then since νt ≥ 0 by

construction, qp
t < kp

t for equation 8 to hold.
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Equations 10 and 11 also state no-arbitrage conditions between the clean and polluting

capital, but taking into account the social cost of carbon. The planner will thus invest in

types of both capitals until their discounted marginal value is equal to the marginal value

of consuming today. If the level of polluting capital is too high, the planner cannot adjust

it instantaneously, and it will bear the cost ψt.

Proposition 4. The social cost of carbon µt will increase at the rate 1/(β(1 − ε)) as long as

mt < m̄.

Proof. The first-order condition, jointly with the envelope condition, imply that µt+1 =
1

1−ε

(
µt
β − ϕt+1

)
, and the Karush-Kuhn-Tucker condition implies that ϕt = 0 when mt <

m̄.

This result comes from the fact that, in this model, carbon emissions do not provoke any

direct damage but can be considered as an almost finite resource. Thus, we can inter-

pret this result as a modified Hotelling rule, which states that the scarcity rent of a non-

renewable resource will grow at the rate of the discount rate. Here, carbon emissions are

a (almost non) renewable resource, and this rate is modified to take into account the dis-

persion rate ε. Note that when we have ε = 0, we get the usual Hotelling rule in discrete

time.

Proposition 5. When the economy features stranded assets at t, the irreversibility constraint was

binding at t − 1, and there was no investment in polluting capital.

Proof. From Proposition 3, we know that if the economy features stranded assets, we have

∂y(kc
t+1, qp

t+1)

∂qp
t+1

= G
µt+1

u′(ct+1)
.

Thus, the relative level of used polluting capital and clean capital is

∂y(kc
t+1, qp

t )

∂kp
t+1

=
∂y(kc

t+1, qp
t )

∂qp
t+1

− G
µt+1

u′(ct+1)
− ℓt+1

= −ℓt+1
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Because of the Inada conditions, we know that
∂y(kc

t+1,qp
t )

∂kp
t+1

> 0 when the level of capital is

finite. Thus, we have ψt − β(1 − δ)ψt+1 > 0 → ψt > 0 which implies that it,p = 0 by the

Karush-Kuhn-Tucker conditions.

The intuition behind this result is straightforward: if the planner uses an amount of pol-

luting capital inferior to the installed capacity qp
t+1 < kp

t+1, it means that there is too much

polluting and the planner was constrained when it made the investment decision.

Proposition 6. The steady-state equilibrium of the constrained economy is defined as

mss = m̄

qss,p = kss,p =
m̄ε

G
iss,c = δkss,c

iss,p = δkss,p > 0

ψss = 0

∂y(kc
t+1, qp

t+1)

∂kc
t+1

=
∂y(kc

t+1, qp
t+1)

∂kp
t+1

− G
µt+1

u′(ct+1)

Proof. See appendix.

Note that, in practice, ε is very small, and the amount of polluting capital will be close to

zero. This steady state is thus equivalent to a fully decarbonized economy.

To sum up what we have learned so far, the main result from this section is an insight

already shown by Rozenberg et al. (2018): in the presence of an excessive amount of pol-

luting capital and irreversible investment, it can be the most efficient solution to have

stranded assets. This result comes from the fact that, contrary to the investment decision

which is by essence intertemporal, the level of polluting capital used is an intra-temporal

decision. Using the entire stock of installed polluting capital would be falling prey to a

sunk-cost fallacy: the central planner might wish it had invested less in polluting capital

in the past, but it is optimal, today, to "strand" some of those assets. However, this deci-

sion is costly from the point of view of production: lowering qp
t reduces production and,

hence, consumption in the short run. Moreover, when the economy transitions from the

laissez-faire equilibrium to the constrained equilibrium, if the level of polluting capital
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is too high, it will feature a phase with stranded assets and zero investment in polluting

capital.

2 Three types of decentralized equilibriums

In this section, we compare three ways to meet the climate constraint in a decentralized

equilibrium. We focus on an optimal carbon tax, a subsidy on clean capital, and an optimal

carbon tax with compensation for owners of stranded assets.

2.1 Decentralized equilibrium with a tax

We now show that we can decentralize the previous allocation through a carbon tax τt.

The problems of the household, the final representative firm, and the clean intermediary

firm remain similar as in the ’laissez-faire’ equilibrium. The dividends of the polluting

firm, however, become

dp
t = pp

t zpqp
t − kp

t+1 + (1 − δ)kp
t − qp

t Gτt

where τt is the carbon tax per ton of CO2. We assume that the proceeds from the tax

are redistributed through a lump-sum transfer to the households. The problem of the

polluting firm is now

V(kp
t ) = max

qp
t ,kp

t+1

{
dp

t +
V(kp

t+1)

1 + rp
t+1

}
s.t. xp

t = zpqp
t

dp
t = pp

t xp
t − kp

t+1 + (1 − δ)kp
t − qp

t τt

kp
t+1 ≥ (1 − δ)kp

t

kp
t ≥ qp

t
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which yields the following first-order conditions

1 − ψt =
V′(kp

t+1)

1 + rp
t+1

,

pp
t zp − Gτt = νt. (13)

The envelope condition is

V′(kp
t ) = νt − (1 − δ)(1 − ψt).

Substituting, we get

(1 + rp
t+1)(1 − ψt) = pp

t zp − Gτt − (1 − ψt+1)(1 − δ)

Proposition 7. The decentralized equilibrium with a carbon tax is equivalent to the social plan-

ner’s allocation if τt =
µt

u′(ct)
until mt = m̄.

Proof. Note that pp
t zp =

∂y(kp
t ,qp

t )

∂qp
t

. When τt =
µt

u′(ct)
, we thus have

pp
t zp − Gτt =

∂y(kp
t , qp

t )

∂qp
t

− G
µt

u′(ct)
= νt

which is the same condition as 11.

Thus, just as in the central planner problem, we will have stranded assets when

∂y(kp
t , kp

t )

∂qp
t

< Gτt.

2.2 Decentralized equilibrium with a subsidy on clean capital

We now show that we can obtain the same relative allocation of clean and polluting capital

using a subsidy σc
t on clean capital.
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The problem of the clean firm now becomes

V(kc
t) = max

kc
t+1

{
dc

t +
V(kc

t+1)

1 + rc
t+1

}
s.t. xc

t = zckc
t

dc
t = pc

t xc
t − kc

t+1 + (1 − δ)kc
t + σc

t kc
t .

The first-order condition of the clean firm now becomes

1 + rc
t+1 = pc

t+1zc + σc
t+1 + 1 − δ.

Using the Euler equations from the household, we thus have

∂y(kc
t+1, qt+1,p)

∂yc
t+1

+ σc
t+1 =

∂ f (kc
t+1, qt+1,p)

∂qt+1,p
− ℓt+1

which is the same relative allocation of clean and polluting capital if the clean capital

subsidy is set to the level of the social cost of carbon adjusted for the carbon intensity of

the polluting capital σt+1 = µt+1G
u′(ct)

.

However, the main difference between the decentralized economy with a subsidy and the

decentralized economy with a carbon tax is that, in the first case, there can be no stranded

assets as the government has no ’punitive’ tool to limit the use of polluting capital in the

short run. The economy will thus use all of the installed capacity at each period. This,

in turn, implies that this allocation is feasible only if the level of installed capital is small

enough so that the total level of emissions when using the whole capital stock until its

total depreciation will be inferior to the remaining carbon budget.

This result is important because, according to recent studies on committed emissions, the

level of polluting capital today already exceeds the remaining carbon budget (Pfeiffer et al.

2016, 2018). A carbon tax will thus be necessary to limit global warming to 2◦C or less.

We summarize and prove those facts in the two following propositions.

Proposition 8. In the decentralized equilibrium with a clean capital subsidy, the economy will

never feature stranded assets.
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Proposition 9. The climate constraint can be met with a subsidy on clean capital only if

m̄ ≥ k0G
δ

+ m0.

Proof. See appendix.

2.3 Constrained equilibrium with compensation

We now want to account for the main controversial point behind stranded assets: the

compensation of owners of polluting capital. Thus, we assume that the government im-

plements an optimal carbon tax τt similar to the first decentralized economy, but also want

to compensate owners of polluting capital for their losses through a subsidy σ
p
t .

The problem of the polluting firm now becomes

V(kp
t ) = max

qp
t ,kp

t+1

{
dp

t +
V(kp

t+1)

1 + rp
t+1

}
s.t. xp

t = zpqp
t

dp
t = pp

t xp
t − kp

t+1 + (1 − δ)kp
t − qp

t τt + σ
p
t kp

t

kp
t+1 ≥ (1 − δ)kp

t

kp
t ≥ qp

t

It is important to note that the firm pays a tax on the amount of polluting capital that it

uses but gets a subsidy on the level of capital that it owns. This setup corresponds to the

incentive structure set up by the German government regarding its lignite coal industry

and described by Sen & von Schickfus (2019). The German government planned to pay

the lignite industry to keep some power plants off the electricity grid while implementing

a higher carbon tax on electricity producers.

The first-order conditions are

pc
t zp − τt = νt,

(1 + rp
t+1)(1 − ψt) = νt+1 + σ

p
t+1 + (1 − ψt+1)(1 − δ).

Proposition 10. The emission path in the constrained equilibrium with compensation will follow

the same path as in the benchmark case if τt =
µt

u′(ct)
.
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Proposition 11. In the constrained equilibrium with compensation, the optimal level of polluting

capital kp
t can be above the actual use level of polluting capital qp

t .

Proof. Assume we have stranded assets so that νt = 0. We can rewrite the Euler equation

of the polluting firm as
∂ f (kc

t , qp
t )

∂qp
t

= σt − ℓt > 0

using equation 2.3. We see that if σt > 0, then ℓt can take any value such that ℓt < σt,

including ℓt = 0, and the Inada conditions will still be met. Thus, this economy can feature

stranded assets while the irreversibility condition is not binding if σt is large enough.

In this economy, we can thus have no legacy costs ℓt+1 = 0 and still stranded assets,

which means that the existence of stranded assets doesn’t necessarily imply that the stock

of polluting capital will decrease and converge to qp
t = kp

t . The government can thus

adjust σt so that the irreversibility constraint is never binding and that the representative

entrepreneur will never have to bear the legacy cost due to its excessive investment in

polluting capital.

3 Stochastic transition with tax and compensation

We now introduce uncertainty in the model. We assume the economy is in the laissez-faire

equilibrium without tax or subsidy. At each period, there is a probability ρ to transit to

a new state, called 2, where the government imposes an optimal carbon tax τ that might

create stranded assets, as in the benchmark case. With probability η, the economy moves

to another state, called 3, where the government imposes a carbon tax but compensates

the owner of polluting capital at a rate σ. With probability 1− ρ− η, the economy remains

in the stochastic state in state 1. We assume the government is credible because there is no

probability of moving to another state once a policy is imposed. We can summarize the

probability space as such

This model thus features two kinds of uncertainty: one related to the timing of the policy

(i.e. when the uncertainty will be resolved), and one related to the political preferences of
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State 1 2 3
1 1 − ρ − η ρ η
2 0 1 0
3 0 0 1

Table 1: State-dependent probabilities

the government regarding the potential bailout of owners of polluting capital (i.e. whether

the economy transit to state 2 or state 3.

Households

The problem of the households now write

E0

∞

∑
t=0

βtE[u(ct)]

subject to

ct + vc
t sc

t+1 + vp
t sp

t+1 = sc
t(v

c
t + dc

t) + sp
t (v

p
t + dp

t ).

The associated Euler equations are

vc
t c−χ

t = βE[c−χ
t+1(d

c
t+1 + vc

t+1)], (14)

vp
t c−χ

t = βE[c−χ
t+1(d

p
t+1 + vp

t+1)]. (15)

Firms

The problem of the firms now takes into account the policy uncertainty. For simplicity, we

mention only the first-order conditions of the optimal decisions of the polluting firm

(1 − ψt)(1 + rp
t+1) = E[pp

t+1zp − ψt+1(1 − δ)].

Proposition 12. During the transition period, the economy never features stranded assets.

Proof. Same as the proof for the laissez-faire equilibrium.
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In this stochastic equilibrium, the level of polluting capital and of CO2 emissions will

thus depend on the relative size of τt, σt, η and ρ. If investors expect a large bailout in the

future, emissions can increase compared to the laissez-faire equilibrium and the discovery

of the climate constraint can thus be coherent with a temporary increase in emissions. We

further discuss the implications of this model in the next part.

3.1 Computational algorithm

Although our model is stylized, it’s important to note that it is still challenging to solve.

It is a highly non-linear two-asset model with four state variables (polluting and clean

capital, carbon stock in the atmosphere, and the policy state), three occasionally binding

constraints, and permanent shocks. We first simplify the model by assuming that taxes

and subsidies are constant, and not implied by an optimal policy function derived from

the carbon budget. This strong assumption allows us to get rid of a state variable and

might be relaxed in further work.

We then use a modified version of Rendahl (2016) time iteration algorithm with an oc-

casionally binding constraint. This global approximation method allows us to take into

account all the non-linearities of the model and the risk implied by the policy shocks. We

then compute policy announcements as MIT shocks on the probabilities to go to different

climate policies. This means that households are rational with respect to a future climate

policy, but they are unaware that the probabilities themselves of going to a different policy

state might change over time.

3.2 Calibration

Our calibration follows the work of Fried et al. (2019) on US data.

To determine the share of clean and polluting capital zp and zc, we follow the computa-

tions of Fried et al. (2019) and set zp = 3 and zc = 1. This calibration reflects two main

factors: it follows the capital share of the oil and coal sector in the US, to which we add

the more carbon-intensive capital from other less polluting sectors, such as cars, heating

systems, etc. However, it should be noted that this distinction between clean and pollut-
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ing capital is mostly theoretical as, in practice, no infrastructure exists without associated

carbon emissions in a life-cycle analysis.

ρ is set to 0.15 as in Fried et al. (2019), who estimate this parameter using data from internal

carbon prices in large US firms. Due to a lack of data about investors’ expectations of a

global bailout, η is set to 0.05.

Parameters Calibration

Household
Discount rate: β 0.95
CRRA coefficient: χ 2

Production function
Capital share: α 1/3
Polluting capital efficiency: zp 3
Polluting capital share: zc 1
Depreciation rate: δ 0.05

Policy
Probability of carbon tax: ρ 0.10
Probability of compensation: η 0.05
Size of carbon tax: τ 0.2
Size of compensation: σ0 0.1

Table 2: Calibration of the parameters of the model

3.3 Simulations

In this section, we study how the economy reacts to (1.) a climate policy shock, depending

on the prior expectations of households and firms, and (2.) a shock on the expectations of

households and firms regarding the future climate policy.

3.3.1 Climate policy shocks

Figures 3 and 5 show the impact of imposing a carbon tax, without a bailout, when coming

from a state where investors expected only a carbon tax (Figure 3), or also a bailout (Figure

5).
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Given our calibration, we see that if investors expect a carbon tax in the future, the tran-

sition can avoid stranded assets and the irreversibility of capital is binding for only a few

periods, and the output cost is 18%. If investors expected instead a bailout of stranded as-

sets, the stock of polluting capital needs to adjust by 80%, and output diminishes by 20%

compared to the initial steady state. Expectations about the type of future climate policy

can thus have a large impact on the cost of implementing a carbon tax.

Figure 3: Impact of imposing a carbon tax without subsidy when investors expect only a
carbon tax

The transition in a world where firms expected a bailout of polluting capital also features

stranded assets and a longer investment period in which the irreversibility constraint on

polluting capital is binding. Expectations of a bailout thus make not only the transition

costlier but also longer to achieve. This, in turn, has a large impact on the financial valua-

tions of firms. The dashed-line line Figure 4 display the % change in the average Tobin’s Q

of the polluting firm in the transition, after a carbon tax is imposed, when firms expected

a bailout. The model predicts that the valuations of polluting firms will overreact to the

implementation of the carbon tax, with the average Tobin’s Q collapsing by almost 80%.

This is due to the fact that, for the first initial periods of the transition where assets are

stranded, a large part of the stock of physical capital is useless, decreasing the profitabil-

ity and hence the valuation of the firm. This over-reaction of the price of firms is corrected

over the long term, as the stock of physical capital adjusts and the capacity utilization rate
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Figure 4: Tobin’s Q following a carbon tax without a bailout

Note: The thick lines show the average Tobin’s Q, measured as the price of the firm divided by its quantity of physical capital, after
a carbon tax is imposed by the government, when investors expected only a carbon tax. The dashed-line shows the evolution of the
average Tobin’s Q if investors expected a bailout instead.

increases again.

In our model, this over-reaction of the valuations of firms does not have a feedback effect

on output, investment, or consumption, since there is no financial friction that could con-

nect the financial sphere to the real sphere. However, we can conjecture that, in a model

with a financial accelerator à la Bernanke et al. (1996), this would trigger a large decrease

in loans, decreasing aggregate demand, and hence output.
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Figure 5: Impact of imposing a carbon tax without subsidy when investors expect a bailout
of polluting capital

3.3.2 Shocks to the expectations about future climate policy

We now turn to the impact of a government committing to a future climate policy. Figures

6 and 7 show the impact of a government committing to a carbon tax in the future (Figure

6) or a bailout (Figure 7), without actually implementing it. Numerically, this implies

computing a MIT shock where the economy moves from a state where there is a positive

probability of a future bailout (ρ > 0 and η = 0) to one where there is no probability of a

future bailout (ρ = 0 and η > 0).

We see that committing to a carbon tax (i.e., excluding a bailout) increases the stock of

clean capital and decreases the stock of polluting capital. Output is reduced by 17%, but

assets are never stranded, which is coherent with our previous propositions. Thus, some

of the cost of transitioning to a clean economy is paid today, but the cost of a transition

will be lower in the future, as shown by the previous figures.

At the opposite, committing to a bailout of polluting capital creates an investment boom

in polluting capital that increases output by almost 20% compared to a state where firms

expected no bailout, at the cost of a longer transition once a carbon tax is imposed (Figure

7).
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Figure 6: Impact of a government committing to a carbon tax in the future

Those policy commitments are enough to create large changes in the valuations of both

the clean and the polluting firms, as shown in Figure 8. This is coherent with the em-

pirical findings from Sen & von Schickfus (2019), which we mentioned earlier, that the

price of polluting firms might react a lot to changes in expected climate policies, such as

committing to never bailing them out.
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Figure 7: Impact of a government committing to a bailout in the future

Figure 8: Average Tobin’s Q of the clean and polluting firms after committing to a carbon
tax or a bailout
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4 Conclusion

Our model shows that investment in polluting capital and CO2 emissions can increase

even after the climate constraint has been discovered, if investors expect that a carbon tax

will be accompanied by a bailout. This behavior can have an important impact on the cost

of implementing a carbon tax or the length of the energetic transition. This reveals the es-

sential role of announcing a credible climate policy for the government: committing not to

bail out future stranded assets will reduce the current level of polluting capital and make

the transition toward a green economy less painful. However, there is also an incentive for

a shortsighted government to increase current production and consumption by announc-

ing a future bailout of stranded assets, which would significantly increase the cost of the

transition and decrease the remaining carbon budget. This difficult choice of committing

to a "hard" transition is necessary: another conclusion of our model is that it is too late

for a strictly "non-punitive" climate policy. Given that the committed emissions implied

by the current size of polluting capital already exceeds the remaining carbon budget, a

subsidy on clean capital will not be enough to meet a 2◦C global warming target.

Our analysis could be further developed in several ways. First, the transition between

the stochastic state and the state with a carbon tax could be analyzed further, showing

how wrong expectations by investors could increase the level of stranded assets in the

future period. Secondly, we could include the financial aspect of stranded assets and

some game-theoretical components. In our model, there is no benefit for society of a

bailout. In practice, bailing out polluting capital could be a way to limit the financial

risks associated with a stringent climate policy. There could thus be a space for strategic

interactions between the government and "too-big-to-fail" owners of polluting capital, that

could force a bailout by continuing to invest in polluting capital and putting their solvency

at risk in case of a high carbon tax. Finally, our model could be enriched by including

uncertainty about the future productivity of clean capital and some “learning by doing”

effects.
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